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Description

[0001] The present invention relates to a body im-

plantable pressure sensor lead, particularly, but not ex-

clusively, an endocardial lead for implantation in a right 5

heart chamber, for responding to blood and atmospheric

pressure and blood temperature and providing modulat-

ed pressure and temperature related signals to an im-

planted or external hemodynamic monitor and/or cardi-

ac pacemaker or pacemaker/cardioverter/defibrillator ">

[0002] Efforts have been underway for many years to

develop implantable pressure transducers and sensors

for temporary or chronic use in a body organ or vessel.

Many different designs and operating systems have

been proposed and placed into temporary or chronic «
use with patients. Indwelling pressure sensors for tem-

porary use of a few days or weeks are available, and

many designs of chronically or permanently implantable

pressure sensors have been placed in clinical use.

[0003] Piezoelectric crystal or piezoresistive pressure 20

transducers mounted at or near the distal tips of pacing

leads, for pacing applications, or catheters for monitor-

ing applications, are described in U.S. Patent Nos.

4,407,296, 4,432,372, 4,485,813, 4,858,615,

4,967,755, and 5,324,326, and PCT Publication No.WO 25

94/13200, for example. The desirable characteristics

and applications for patient use of such lead or catheter

bearing, indwelling pressure sensors are described in

these and other patents and the literature in the field.

Generally, the piezoelectric or piezoresistive transduc- 30

ers have to be sealed hermetically from blood. Certain

of these patents, e.g. the '296 patent, disclose sealing

the piezoresistive bridge elements within an oil filled

chamber.

[0004] U.S. Patent No. 4,023,562 describes a pie- 35

zoresisttve bridge of four, orthogonally disposed, semi-

conductor strain gauges formed interiorly on a single

crystal silicon diaphragm area of a silicon base. A pro-

tective silicon cover is bonded to the base around the

periphery of the diaphragm area to form a sealed, evac- *o

uated chamber. Deflection of the diaphragm due to am-
bient pressure changes is detected by the changes in

resistance of the strain gauges.

[0005] Because the change in resistance is so small,

a high current is required to detect the voltage change 45

due to the resistance change. The high current require-

ments render the piezoresistive bridge unsuitable for

long term use with an implanted power source. High

gain amplifiers that are subject to drift over time are also

required to amplify the resistance-related voltage so

"change.

[0006] Other semiconductor sensors employ CMOS
IC technology in the fabrication of pressure responsive

silicon diaphragm bearing capacitive plates that are

spaced from stationary plates. The change in capact- 55

tance due to pressure waves acting on the diaphragm

is measured, typically through a bridge circuit, as dis-

closed, for example, in the article "A Design of Capact-

tive Pressure Transducer" by Ko et al., in IEEE Proc.

Symp. Biosensors . 1984, p.32. Again, fabrication for

long term implantation and stability is complicated.

[0007] In addition, differential capacitive plate, fluid

filled pressure transducers employing thin metal or ce-

ramic diaphragms have also been proposed for large

scale industrial process control applications as dis-

closed, forexample, in the article "A ceramic differential-

pressure transducer" by Graeger et al., Philips Tech.

Rev., 43:4:86-93, Feb. 1987. The large scale of such

pressure transducers does not lend itself to miniaturiza-

tion for chronic implantation.

[0008] Despite the considerable effort that has been

expended in designing such pressure sensors, a need

exists for a body implantable, durable, long-lived and

low power pressure sensor for accurately sensing ab-

solute pressure waves and related parameters in the

body over many years.

[0009] Accordingly, it is an object ofthe present inven-

tion to provide a practical and durable indwelling abso-

lute pressure sensor particularly for measuring blood

pressure.

[001 0] In accordance with one aspect of the invention

there is provided an implantable capacitive pressure

sensor for providing signals representative of the mag-
nitude of body fluid pressure at a selected site and am-
bient operating conditions, including body temperature,

at the site comprising:

an elongate implantable lead body having proximal

and distal end sections and having first and second

electrical conductors extending from the. proximal

end section to the distal end section, said proximal

end adapted to be coupled to a biasing signal

source, and said distal end section adapted to be

implanted in a body position for measuring a varying

body fluid pressure; and

a pressure sensor module formed in the distal end

section of the lead body and coupled to said first

and second electrical conductors, the pressure sen-

sor module further comprising:

a module housing attached to said lead body

adapted to be positioned in a body cavity and

enclosing a hermetically sealed chamber; and

pressure deformable pickoff capacitor means
for varying in capacitance in response to vari-

ations in fluid pressure having a first plate

formed of a pressure deformable diaphragm of

said module housing and a second plate

spaced apart therefrom; and

pressure and temperature signal modulating circuit

means within said hermetically sealed chamberand
electrically coupled to said first and second electri-

cal conductors, characterised by

reference capacitor means having a first plate

formed of a non-deformable portion of said module

2



3 EP 0 757 541 B1 4

housing and a second plate spaced apart there-

from.

[0011] The circuit means preferably comprises

means for receiving an externally applied biasing signal 5

and generating charging and discharging currents

therefrom which vary with ambient temperature, means

for alternately charging and discharging the pickoff and

reference capacitor means, and means for generating

ptckoff and reference timing pulses on one of the elec- w
trical conductors, the timing pulses separating the alter-

nate charging time intervals of the pickoff and reference

capacitor means.

[0012] The pressure sensor lead is preferably con-

structed such that the first ptate of the pickoff capacitor is

means is formed of a pressure deformable, planar dia-

phragm having a first predetermined surface area

formed by the module housing of a conductive material

with ah exterior planar surface and a parallel interior sur-

face within the hermetically sealed chamber, the planar 20

diaphragm adapted to be deformed in the first predeter-

mined surface area by variations in fluid pressure out-

side the module housing; and the first plate of the refer-

ence capacitor means is formed by a second predeter-

mined planar surface area of the interior surface spaced 25

apart from and co-planar with the first predetermined

surface area and substantially non-deformable by vari-

ations in fluid pressure outside the module housing.

Plated standoffs are employed to separate the first and

second plates of the reference and pickoff capacitor 30

means.

[0013] The entire lead and module housing are pref-

erably electrically insulated from the body. The insula-

tion over the exterior surface of the diaphragm is effect-

ed by a thin, strongly adhering material that prevents 35

separation and the formation of voids which could fill

with liquid and change the response characteristics of

the diaphragm to pressure changes.

[0014] The construction of the reference capacitor

employing an extension of the common plate with the *o

pickoff capacitor and the other plates on the same sub-

strate, with the plates separated by the same separator

standoff platings simplifies fabrication. The use of the

temperature dependent charging current provides for

the determination of the temperature signal which can 45

then be used to derive an absolute pressure signal with

the common mode temperature variations accounted

for.

[0015] In accordance with another aspect of the in-

vention there is provided a method of fabricating an im- 50

plantable capacttive pressure sensor lead for providing

signals representative of the magnitude of body fluid

pressure at a selected site and ambient operating con-

ditions, including body temperature, at the site compris-

ing: 55

forming an elongate implantable lead body having

proximal and distal end sections with first and sec-

ond electrical conductors extending from the prox-

imal end section to the distal end section, said prox-

imal end adapted to be coupled to a biasing signal

source, and said distal end section adapted to be

implanted in a body position for measuring a varying

body fluid pressure;

attaching a pressure sensor module to the distal

ends of said first and second electrical conductors

at said distal end section, the pressure sensor mod-

ule further comprising:

a module housing enclosing a hermetically

sealed chamber;

pressure deformable pickoff capacitor means
for varying in capacitance in response. to vari-

ations in fluid pressure having a first plate

formed of a pressure deformable diaphragm of

said module housing and a second plate
.

spaced apart therefrom; and

pressure and temperature signal modulating circuit

means within said hermetically seated chamberand

electrically coupled to said first and second electri-

cal conductor; characterised in that said module

housing is formed of a conductive material; and fur-

ther comprising the steps of

covering said first and second electrical conductors

with a first body compatible, electrically insulating

outer sheath extending from said proximal end sec-

tion to said distal end section;

covering said sensor module with a second sheath

of the same material as said first sheath, the mate-

rial of said second sheath having a low adherence

to the material of said module housing;

providing an opening in said second sheath corre-

sponding to the area of said diaphrag;

bonding said second sheath to said first sheath in

a fluid tight bond at the junction of said distal end of

said lead body with said module housing so that

said sheath opening is aligned with said diaphragm;

filling the gap between the perimeter of the opening

of the second sheath and the module housing with

said further material to decrease the migration of

body fluids into the space between the module

housing and the second sheath; and

applying a further body compatible, electrically in-

sulating material in a uniform thickness layer over

said diaphragm in said opening of said second

sheath, said further material having a high adher-

ence with the material of said diaphragm in the pres-

ence of body fluids and tissue.

[001 6] These and other objects, advantages and fea-

tures of the present invention will be more readily un-

derstood from the following detailed description of the

preferred embodiments thereof, given by way of exam-

ple only, considered in conjunction with the drawings, in

which like reference numerals indicate identical struc-
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tures throughout the several views, and wherein:

Figure 1 is block level diagram of an implantable,

programmable blood pressure monitor and lead

system according to the present invention;

Figure 2 is a cross-section assembly view ofthe dis-

tal end of a pressure sensing lead employed in the

system of Figure 1

;

Figure 3 is a cross-section assembly view of the

proximal end of a pressure sensing lead employed

in the system of Figure 1

;

Figure 4 is a top subassembly drawing of the pres-

sure sensing module incorporated into the distal

end of the pressure sensing lead of Figure 2;

Figure 5 is a side cross-section view of the internal

components of the pressure sensing module taken

along line A-A of Figure 4;

Figure 6 is a partial cutaway perspective view ofthe

attachment of the pressure and temperature signal

- modulating circuit to the feedthrough and housing

of the pressure sensing module;

Figure 7 is an exploded perspective view of the

components of the pressure sensing module;

Figure 8 is a side cross section view of a housing

member and diaphragm taken along line B-B of Fig-

ure 7;

Figure 9 is a bottom view ofthe IC hybrid circuit sub-

strate of Figure 7;

Figure 10 is a schematic diagram of the pressure

sensing lead impedance network and the pressure

and temperature signal modulating circuit;

Figure 11 is a schematic diagram of the pressure

and temperature signal modulating circuit;

Figure 12 is a timing diagram of the pulse signals

emitted by the circuits of Figures 11 and 13; and

Figure 13 is a schematic diagram of the demodula-

tor of the pressure monitor of Figure 1

.

[001 7] The capacitive pressure sensing lead 12 ofthe

present invention is designed to chronically transduce

blood pressure from the right ventricle of the heart over

the range of absolute pressures from 400-900 mm Hg,

and within the frequency range of 0-100 Hz. The lead

12 is primarily employed with an implantable, battery

powered monitor 100 which employs a microprocessor

based demodulation, data storage and telemetry sys-

tem for sampling and storing blood pressure data at pro-

grammed intervals and telemetering out the accumulat-

ed data to an external programmer/transceiver on re-

ceipt of a programmed-in command, in the manner of

current, conventional multi-programmable pacemaker

technology. The lead 12 is intended to be implanted

transvenously into the right heart chambers in the same
manner as a conventional pacing lead, except that the

distal end, including the pressure sensor module, may
be advanced out of the right ventricle into the pulmonary

artery to monitor blood pressure in that location. The
monitor is intended to be implanted subcutaneously in

the same manner that pacemakers are implanted.

Monitor and Lead System Overview

5 [0018] Figure 1 is a simplified block diagram of the

patient's heart 1 0 in relation to the pressure sensing lead

12 and monitor 100. The lead 12 has first and second

lead conductors 14 and 16 extending from a proximal

connector end 18 to the pressure sensor module 20 dis-

10 posed near the distal tine assembly 26. The pressure

sensor module 20 includes a variable pickoff capacitor

and a fixed reference capacitor and signal modulating

circuit described below in reference to Figures 4-12
which develops both blood pressure and temperature

f5 time-modulated intervals. The proximal connector as-

sembly is formed as a conventional bipolar, in-line pac-

ing lead connector and is coupled to the monitor con-

nector (not shown) which is formed as a conventional

bipolar in-line pacemaker pulse generator connector

20 block assembly. The tine assembly 26 comprises soft

pliant tines adapted to catch in heart tissue to stabilize

the lead in a manner well known in the pacing art. The
detailed construction of the lead 12 is described below

in conjunction with Figures 2 and 3.

25 [001 9] The monitor 1 00 is divided generally into an in-

put/output circuit 112 coupled to a battery 108, an op-

tional activity sensor 106, a telemetry antenna 134, the

lead conductors 14, 16, a crystal 110, and a microcom-

puter circuit 114. The input/output circuit 112 includes

30 the digital controller/timer circuit 1 32 and the associated

components including the crystal oscillator 138, power-

on-reset (POR) circuit 148, Vref/BIAS circuit 140, ADC/
MUX circuit 142, RF transmitter/receiver circuit 136, op-

tional activity circuit 152 and pressure signal demodu-
35 latoMSO.

[0020] Crystal oscillator circuit 138 and crystal 110

provide the basic timing clock for the digital controller/

timer circuit 132. Vref/BIAS circuit 140 generates stable

voltage reference Vref and current levels from battery

40 1 08 for the circuits within the digital controller/timer cir-

cuit 132, and the other identified circuits including mi-

crocomputer circuit 114 and. demodulator 150. Power-

on-reset circuit 148 responds to initial connection of the

circuitry to the battery 108 for defining an initial operat-

es ing condition and also resets the operating condition in

response to detection of a low battery voltage condition.

Analog-to-digita! converter(ADC) and multiplexor circuit

142 digitizes analog signals Vprs and Vtemp received

by digital controller/timer circuit 132 from demodulator

50 1 50 for storage by microcomputer circuit 114.

[0021] Data signals transmitted out through RF trans-

mitter/receiver circuit 136 during telemetry are multi-

plexed by ADC/MUX circuit 142. Voltage reference and

bias circuit 140, ADC/MUX circuit 142, POR circuit 148,

55 crystal oscillator circuit 138 and optional activity circuit

152 may correspond to any of those presently used in

currently marketed, implantable cardiac pacemakers.

[0022] The digital controller/timer circuit 1 32 includes

4
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a set of timers and associated logic circuits connected

with the microcomputer circuit 114 through the data

communications bus 130. Microcomputer circuit 114

contains an on-board chip including microprocessor

120, associated system clock 122, and on-board RAM
and ROM chips 124 and 126, respectively. In addition,

microcomputer circuit 114 includes an off-board circuit

118 including separate RAM/ROM chip 128 to provide

additional memory capacity. Microprocessor 120 is in-

terrupt driven, operating in a reduced power consump-

tion mode normally, and awakened in response to de-

f fined interrupt events, which may include the periodic

timing out ofdata sampling intervals for storage of mon-

itored data, the transfer of triggering and data signals

on the bus 130 and the receipt of programming signals.

A real time clock and calendar function may also be in-

cluded to correlate stored data to time and date.

[0023] In a further variation, provision may be made
for the patient to initiate storage of the monitored data

through an external programmer or a reed switch clo-

sure when an unusual event or symptom is experienced.

The monitored data may be related to an event marker

on later telemetry out and examination by the physician.

[0024] Microcomputer circuit 114 controls the operat-

ing functions of digital controller/timer 132, specifying

which timing intervals are employed, and controlling the

duration of the various timing intervals, via the bus 130.

The specific current operating modes and interval val-

ues are programmable. The programmed-in parameter

values and operating modes are received through the

antenna 134, demodulated in the RF transmitter/receiv-

er circuit 136 and stored in RAM 124.

[0025] Data transmission to and from the external pro-

grammer (not shown) is accomplished by means of the

telemetry antenna 134 and the associated RF transmit-

ter and receiver 136, which serves both to demodulate

received downlink telemetry and to transmit uplink te-

lemetry. For example, circuitry for demodulating and de-

coding downlink telemetry may correspond to that dis-

closed in U.S. Patent No. 4,556,063 issued to Thomp-

son et al. and U.S. Patent No. 4,257,423 issued to Mc-

Donald et al., white uplink telemetry functions may be

provided according to U.S. Patent No. 5,127,404 issued

to Wyborny et al. Uplink telemetry capabilities will typi-

cally include the ability to transmit stored digital informa-

tion as welt as real time blood pressure signals.

' [0026] A number of power, timing and control signals

described in greater detail below are applied by the dig-

ital controller/timer circuit 132 to the demodulator 150

to initiate and power the operation of the pressure sen-

sor module 20 and selectively read out the pressure and

temperature signals Vprs and Vtemp. An active lead

conductor 16 is attached through the connector block

terminals to input and output terminals of demodulator

1 50 which supplies a voltage VREG at the output termi-

nal. A passive lead conductor 14 is coupled through to

the VDD supply terminal of the demodulator 150. The
voltage signals Vprs and Vtemp developed from inter-

vals between current pulses received at the input termi-

nal are provided by demodulator 150 to the digital con-

troller/timer circuit 132. The voltage signals Vprs and

Vtemp are converted to binary data in an ADC/MUX cir-

5 cuit 142 and stored in RAM/ROM unit 128 in a manner
well known in the art

[0027] As depicted in Figure 1, the monitor 100 peri-

odically stores digitized data related to blood pressure

and temperature at a nominal sampling frequency which

10 may be related to patient activity level, both optionally

correlated to time and date and patient initiated event

markers. The monitor 100 may also optionally include a

further lead connector for connection with a further lead

for implantation in the right heart having an exposed un-

15 ipolar distal electrode from which an electrogram (EGM)
may be derived. The further lead may also have an ox-

ygen sensor module in the distal segment of the lead.

Such a lead is shown in commonly assigned U.S. Patent

No. 4,750,495 to Moore and Brumwell. That modifica-

20 tion of the monitor 100 would also include an EGM
sense amplifier (using the monitor case as an indifferent

electrode) and an oxygen sensor demodulator and is al-

so described in the above-mentioned '495 patent.

[0028] In that optional configuration, the EGM signal

25 may be employed to identify the onset of a cardiac de-

polarization in each heart cycle and initiate either the

monitoring and storage operations or simply initiate the

storage of the data derived by continuous monitoring

which would otherwise not be stored..In accordance with

30 the preferred embodiment of the invention, the moni-

tored parameters including patient activity, blood pres-

sure and temperature, blood oxygen or other gas satu-

ration level and EGM are all continuously monitored.

[0029] The blood pressure signals are preferably dig-

35 itized and stored at a sample period of every 4.0 ms or

256 Hz sampling frequency. As shown below, this fre-

quency is about one-tenth of the operating frequency of

the sensor module 20. The blood temperature signals

are preferably digitized and stored once during every

40 sensed EGM heart depolarization cycle. The digitized

data values are stored on a FIFO basis between periodic

telemetry out of the stored data for permanent external

storage. Then, the data may be analyzed externally to

identify the portions of the cardiac cycle of interest and
4$ to perform other diagnostic analyses of the accumulated

data. Preferably, the external programmer can also pro-

gram the monitor 1 00 to telemeter out the digitized data

values in real time at the same or different sampling fre-

quencies.

50 [0030] The sampled and stored blood pressure data

are absolute pressure values and do not account for

changes in barometric pressure affecting the ambient

pressure load on the pressure sensor module 20. Phy- .

sicians typically measure blood pressure in relation to

55 atmospheric pressure. Thus, it may be necessary to

separately record atmospheric pressure data with sep-

arate measuring and recording equipment. At present,

a separate, portable pressure recording unit (not shown)

5
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worn externally by the patient to record atmospheric

pressure is contemplated to be used with the system of

the present invention. The atmospheric pressure and a

time and date tag are preferably recorded in the external

unit at periodic, e.g. one minute, intervals. The atmos-

pheric pressure data is intended to be read out from the

external unit when the absolute pressure and optional

other data stored in RAM/ROM unit 128 is telemetered

out and the data correlated by time and date and em-

ployed by the physician to derive diagnoses of the pa-

tient's condition.

Pressure Sensor/Lead Construction

[0031] The pressure sensor capsule or module 20 is

constructed with a titanium outer housing having an in-

tegral, pressure deformable, planar sensing membrane
or diaphragm formed in it as one plate of a variable or

pickoff capacitor CP . The other plate of the pickoff ca-

pacitorCP is fixed to one side ofa hybrid circuit substrate

hermetically sealed within the outer housing. The ca-

pacitance of pickoff capacitor CP varies as the dia-

phragm is deformed by pressure waves associated with

heart beats in the patient's heart 10 or elsewhere in the

vascular system. A reference capacitor CR is also

formed with fixed spacing between planar capacitor

plates formed on the same side of the hybrid circuit sub-

strate and on the outer housing to provide a reference

capacitance value. The pressure (and temperature)

sensor circuitry within the module 20 employs the volt-

ages VDD and VREG supplied by the demodulator 150

to alternately charge and discharge the capacitor pair

with charge and discharge currents that vary with tem-

perature and to provide instantaneous absolute pres-

sure and temperature modulated charge time intervals

to the demodulator 150 in a manner described below.

[0032] Figures 2 and 3 are cross-section views of the

distal and proximal end sections of the lead 12 of Figure

1. The pressure sensor module 20 is located just prox-

imal to the distal tip tine assembly 26 and is mechani-

cally and electrically connected to the coaxial, outer and

inner, coiled wire lead conductors 14 and 16. The pas-

sive and active, coiled wire lead conductors 14 and 16

are separated by an inner insulating sleeve 22 and en-

cased by an outer insulating sleeve 46 extending be-

tween in-line connector assembly 30 and the pressure

sensor module 20. A stylet receiving lumen is formed

within the inner coiled wire lead conductor 16 and ex-

tends to the connection with the sensor module 20.

[0033] The in-line connector assembly 30 includes an

inner connector pin 36 having a stylet receiving, pin lu-

men 38 and is attached to the proximal end of the inner

coiled wire conductor 16 to align the pin lumen 38 with

the stylet receiving lumen of the inner coiled wire con-

ductor 16. An insulating sleeve 40 extends distalty over

the inner connector pin 36 and separates it from a con-

nector ring 42. Connector ring 42 is electrically and me-

chanically attached to the proximal end of the outer

coiled wire conductor 14. An exterior insulating connec-

tor sleeve 24 extends distally from the connector ring 42

and over the proximal end of the outer sleeve 46.

[0034] The distal ends of the outer and inner coiled

5 wire conductors 14 and 16 are attached to the proximal

end of the pressure sensor module 20 to provide the

VDD and the input/output connections to the on-board

pressure sensor hybrid circuit described below.A further

coiled wire segment 32 extends between the tine as-

fo sembly 26 and the distal end of the pressure sensor

module 20 and is covered by a further insulating sleeve

34. The tine assembly 26 surrounds and electrically in-

sulates inner metal core 28 that is mechanically at-

tached to the distal end of the coiled wire segment 32.

is [0035] The materials used for these components of

the pressure sensing lead 12 and the construction and

attachments depicted in Figures 2 and 3 are conven-

tional in the art of bipolar, coaxial pacing lead technology

having an in-line connector. Such lead technology is irh

20 corporated in the fabrication of the Medtronic® bipolar

pacing lead Model 4004M. The specific materials, de-

sign and construction details are not important to the un-

derstanding and practice of the present invention. In this

particular illustrated embodiment, the pressure sensing

25 lead 12 is not also employed as a pacing lead, but the

pressure sensing module 20 could be incorporated into

a pacing lead, particularly for use in control of rate re-

sponsive pacemakers and pacemaker-cardioverter-de-

fibrillators.

30 [0036] Turning to the construction of the pressure

sensing capsule or module 20, reference is first made
to the assembly drawings, including the enlarged top

and side cross-section views of Figures 4 and 5, the par-

tial section view of Figure 6 and the exploded view of

35 Figure 7. The pressure sensing module 20 is formed

with a first and second titanium outer housing half mem-
bers 50 and 52 which when joined together as assem-

bled titanium housing 55 surround a ceramic hybrid cir-

cuit substrate 60 supporting the sensing and reference

40 capacitors and pressure signal modulating circuit. The

pressure signal modulating circuit (described in detail

below with reference to Figures 10 and 11) includes a

resistor 62 and IC chip 64 mounted to one surface of the

substrate 60 and attached to electrical terminal pads

45 and board feedthroughs to the other surface thereof.

The substrate 60 is supported in a manner described

below in a fixed relation with respect to housing member
52 by the proximal and distal silicone rubber cushions

70 and 72 and the parallel side walls 47 and 49 (shown
so in Figures 7 and 8). The proximal silicone rubber cush-

ion 70 also bears against the titanium adaptor ring 74

that receives the feedthrough 76. The feedthrough 76

includes a ceramic insulator 77 between the

feedthrough ferrule 79 and feedthrough wire 80 to elec-

55 trically isolate feedthrough wire 80 that is electrically

connected to a pad of the substrate 60. The distal sffi-

cone rubber cushion 72 bears against the nose element

78 which is electrically connected to a further pad of the

6
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substrate 60.

[0037] Internal electrical connections between the

sensor IC chip 64 and the substrate are made via alu-

minum wire-bonds as shown in Figure 6. Connections

between the hybrid traces and both the feedthrough pin

80 and the nose element extension pin 75 are also made
via gold wire-bonds. Conventional wire-bonding is used

with each trace, while the connections to the pins 75 and

80 are made using conductive silver epoxy. The specific

electrical connections are described below in conjunc-

tion with the electrical schematic diagram of the sensor

module electronic circuit in Figure 11.

[0038] After the mechanical and electrical compo-

nents of the pressure sensing module 20 are assembled

together, the titanium housing half members 50 and 52

and the nose element and adaptor ring 74 are laser

welded together as hermetically sealed, assembled ti-

tanium housing 55. Then, the module 20 is attached to

the components of the lead 12 to provide the electrical

and mechanical connections with the outer and inner,

passive and active, coiled wire lead conductors 14 and

16 as described below.

[0039] As shown in Figure 2, the module 20 is electri-

cally and mechanically attached to the outer and inner

coiled wire conductors 14 and 16 at the proximal end

thereof through an intermediate transition assembly

similar to a feedthrough and including an insulating body

56 separating an inner, conductive transition pin 58 from

distal and proximal outer conductive transition sleeves

57 and 59. Sleeves 57 and 59 are laser welded together

for electrical and mechanical connection.

[0040] The distal transition sleeve 57 is welded to the

ferrule 79 and the distal end of the transition pin 58 is

staked to the feedthrough pin 80. The distal end of the

inner transition pin 58 is hollow and extends out of the

insulating body 56 to receive the proximal end of the

feedthrough pin 80. Staking is accomplished through

access ports in the molded insulating body 56, and then

the access ports are filled with silicone adhesive. In this

fashion, the inner transition pin 58 is electrically coupled

to the feedthrough pin 80, and the outer transition

sleeves 57 and 59 are electrically connected to the as-

sembled titanium housing 55.

[0041 ] The proximal end of the inner transition pin 58

is slipped into the distal lumen of the inner coiled wire

conductor 1 6. The distal end ofthe inner coiled wire con-

ductor 16 is crimped to the proximal end of the inner

transition pin 58 by force applied to a crimp sleeve 66

slipped over the distal segment of the coiled wire con-

ductor 16. The distal end of inner insulating sleeve 22

is extended over the crimp sleeve 66 and adhered to the

insulating body 56 to insulate the entire inner conductive

pathway. The outer coiled wire conductor 14 is attached

electrically and mechanically by crimping it between the

outer transition sleeve 59 and an inner crimp core sleeve

68 slipped between the distal lumen of the outer coiled

wire conductor 14 and the inner insulating sleeve 22.

Silicone adhesive may also be used during this assem-

bly. When the electrical and mechanical connections are

made, the active coiled wire conductor 16 is electrically

connected to a pad or trace of the substrate 60, and the

passive coiled wire conductor 14 is electrically attached

5 through the housing halfmembers 50 and 52 to a further

substrate pad or trace as described below.

[0042] The distal end of the pressure sensing module

20 is attached to the distal lead assembly including fur-

ther outer sleeve 34 and coiled wire conductor 32 de-

10 scribed above. At the distal end of the pressure sensing

module 20, a crimp pin 81 is inserted into the lumen of

the further coiled wire conductor. The crimp pin 81 and

the further coiled wire conductor 32 are inserted into the

tubular nose element 78 which is then crimped to the

15 coiled wire conductor 32 and crimp pin 81 . The further

outer sleeve 34 extends over the crimp region and the

length of the further coiled wire conductor 32. The distal

end of the further coiled wire conductor 32 is attached

by a similar crimp to the inner tip core member 28 using

a further crimp pin 27.

[0043] Returning to Figures 4 and 5, and in reference

to Figure 8, thin titanium diaphragm 54 is machined into

the titanium outer housing halfmember 50. The flat inner

surface of diaphragm 54 and a peripheral continuation

of that surface form plates of a pair of planar capacitors,

the other plates ofwhich are deposited onto the adjacent

surface 61 of the ceramic hybrid substrate 60 as shown
in Figure 9. An external pressure change results in dis-

placement of the diaphragm 54 and subsequent change

in capacitance between the diaphragm 54 and one of

the deposited substrate plates. This change in capaci-

tance ofthe pickoff capacitorCp with change in pressure

is approximately linear over the pressure range of inter-

est, and is used as a measure of the pressure outside

the sensor module 20. The external pressure change

has little effect on the second, reference capacitor Cp.

[0044] To electrically isolate diaphragm 54 from the

patient's body, materials must be used that do not sig-

nificantly absorb body fluids and swell, which in turn

causes diaphragm 54 deflection and changes the ca-

pacitance of the pickoff capacitor Cp. The material must

be uniformly thin and repeatabte during manufacture so

as to avoid affecting sensitivity of the pickoff capacitor

CP . Also, the material must adhere very well to the dia-

phragm 54 so that bubbles, gaps or other separations

do not occur over time. Such separations could cause

hysteresis or lag of the sensed capacitance change.

[0045] Returning to Figure 2, the outer sleeve 46 and

further sleeve 34 are formed of conventional urethane

tubes employed in fabricating pacing leads. For adher-

ence to outer sleeve 46 and further sleeve 34, a thin

urethane sensor jacket or covering 82 is employed that

extends over the full length of the sensor module 20 and

is adhered at its ends to the outer insulating sleeve 46

and the further outer insulating sleeve 34, e.g. as by ure-

thane based adhesives. The urethane covering 82 is

employed to cover the majority of the sensor module 20

but the material does not always adhere welt to the metaJ

20

25

30

35

40

45

50

55

7



13 EP 0 757 541 B1 14

surfaces thereof, even when a primer is employed. The

loss of adherence over the diaphragm 54 can lead to

accumulation of fluids and affect the response time to

changes in blood pressure. Therefore, it is necessary to

substitute a better adhering, body compatible, insulating

coating over the diaphragm 54.

[0046] In order to do so, a cut-out portion ofthe sensor

covering 82 is made following the periphery 53 in order

to expose the diaphragm 54. A thin, uniform thickness

coating 45 of silicone adhesive is applied over the ex-

posed diaphragm 54 that adheres thereto without any

fluid swelling or separation occurring over time. The sil-

icone adhesive does not adhere well to the edges of the

cut-out section of the urethane covering 82, but can be

injected between the edges and the half member 50 to

fill up any remaining edge gap.

[0047] The resulting composite covering 82 and insu-

lating layer electrically insulates the titanium outer hous-

ing half members 50 and 52 that are electrically con-

nected to VDD. The combined housing is formed by

welding the halfmembers 50 and 52 together and to the

adaptor ring 74 and nose element 78. When assembled,

the sensor capsule or module 20 is preferably about

3.5mm (0.140 inches) in diameter, including the poly-

urethane insulation covering 82, and is approximately

1.225cm (0.49 inches) long.

[0048] The cylindrical housing half members 50 and

52 are machined in the two pieces using wire electric

discharge machining (EDM) methods. In the first hous-

ing half member 50, the thin diaphragm 54 is approxi-

mately 0.0325mm (0.0013 inches) thick atT in Figure 8

and is produced through precision EDM of the interior

and exterior surfaces of the titanium stock. The inner

surface 51 of the half member 50 extends as a contin-

uous planar surface beyond the perimeter 53 of the di-

aphragm 54 to provide one plate of the reference ca-

pacitor CR in that region.

[0049] Turning to Figure 9, the ceramic sensor hybrid

circuit substrate 60 consists of a 90% alumina board, on

the back side 61 of which are deposited an inner, rec-

tangular capacitor plate 84 coupled to a plated substrate

feedthrough 98, an outer, ring shaped capacitor plate

86 coupled to a plated substrate feedthrough 96, and

three plated standoffs 88, 90, 92. The inner capacitor

plate 84 is dimensioned to generally conform to the

shape of the diaphragm 54 and fall within the perimeter

53. The perimeter or ring-shaped capacitor plate 86 is

dimensioned to fall outside or just inside or to straddle

the perimeter 53. The inner surface 51 of half member
50 provides a reference surface for locating the capac-

itor plates 84 and 86 relative to the diaphragm 54.

[0050] When assembled, the plates 84 and 86 are

spaced from the inner surface 51 of the housing half

member 50 by the difference in thicknesses ofthe stand-

offs 88 • 92 and the plates 84 and 86 to form the pickoff

capacitor CP and reference capacitor CR. The pressure

sensing pickoff capacitor CP employing central capaci-

tor plate 84 varies in capacitance with pressure induced

displacement of the diaphragm 54 and the silicone ad-

hesive layer applied thereto. The reference capacitor

CR ,
employing the perimeter reference capacitor plate

86 located in the region where diaphragm 54 deflection

5 is negligible within the operating pressure range, varies

in capacitance with common mode changes in sensor

voltages, thermal expansion effects, and changes in the

hermetically sealed capacitor dielectric constant.

[0051] The two capacitor plates 84 and 86 are elec-

10 trically connected to the front side of the substrate 60,

on which the sensor electronic circuit included in the IC

chip 64 and the resistor 62 are mounted. The common
capacitor plate surface 51 is coupled to VDD. The sen-

sor electronic circuit alternately charges and discharges.

15 the pickoff and reference capacitors CP and CR through

a constant current source which varies with temperature

change inside the sensor module 20. The temperature-

related changes in the charging current affect the

charge times for both the pickoff and reference capaci-

20 tors CP and CR equally. However, temperature induced

changes in internal pressure within the sensor module

20 (and external pressure changes) only affect the pick-

off capacitor CP plate spacing, which causes an in-

crease or decrease in the capacitance and subsequent

25 increase or decrease in the time to charge the pickoff

capacitor CP to a set voltage level.

[0052] Blood pressure changes cause an increase or

decrease of the pickoff capacitor CP plate spacing,

which causes a decrease or increase, respectively, in

30 the capacitance and subsequent decrease or increase,

respectively, in the time to charge the pickoff capacitor

CP to a set voltage level, assuming an unchanged blood

temperature and constant charging current. Since no

significant gap change between common plate surface

35 51 and the perimeter capacitor plate 86 due to pressure

change occurs at the reference capacitor CR , there is

little pressure induced reference capacitance change.

The ratio of the charging time of the pickoff capacitor CP
to the sum charging time of the reference and pickoff

40 capacitors CR and CP provides a stable indication of

pressure induced changes and cancels out common
mode capacitance changes, resulting in an absolute

pressure signal. The common mode capacitance

change, principally temperature related, can be derived

45 from the capacitance of the reference capacitorCR . The

signals Vprs and Vtemp can also be time correlated to

EGM, activity signals and blood gas signals and all

stored in memory for later telemetry out.

[0053] The substrate surface 61 platings shown in

so Figure 9 are specially designed to provide precise con-

trol of the pickoff and reference capacitor gaps without

the need for an excessive number of close-tolerance

components. By specifying a single tight tolerance be-

tween the top surfaces of the standoff platings and the

55 top surfaces of the capacitor platings, the spacing be-

tween the reference and pickoff capacitor plates and the

planar surface 51 of the sensor diaphragm 54 can be

very accurately controlled. Because the inner surface

8
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51 of the diaphragm 54 extends beyond the perimeter

53 of the diaphragm 54 to the region where the standoffs

88 - 92 make contact, the difference between the height

of the standoff pads and the height of the capacitor

plates 84 and 86 will define the gap between the capac-

itor plates 84, 86 and the inner surface 51.

[0054] The hybrid standoffs 88 - 92 are pressed into

contact against the inner surface 51 by the compressible

molded silicone rubber cushions 70, 72 when the com-

ponents are assembled. The assembly creates an inter-

ference fit exerting pressure between the surface 5 1 and

the standoffs 88 - 92. Lateral constraint of the substrate

60 is provided by the fit of the hybrid circuit substrate 60

in the housing half member 50 between the lateral side

walls 47 and 49 in one axis, and by the silicone rubber

cushions 70, 72 along the other axis. In a variation, the

rubber cushions 70, 72 may be eliminated in favor of

simply adhering the side edges of the substrate 60 to

' the side walls 47 and 49 and/or the end edges to the

inner surface 51 of the half member 50. Or the adhesive

could be used with the rubber cushions 70, 72. Further-

more, in each assembly variation, the standoffs 88 - 92

could be bonded to the inner surface 51. The result is

an accurate and permanent location of the substrate 60

within the cavity of the sensor module 20 with no resid-

ual stress in the critical parts which might cause drift of

the sensor signal over time.

[0055] This approach to spacing the pickoff and ref-

erence capacitor CP and CR plates has two major ad-

vantages. First, only one set of features, that is the plat-

ing heights orthicknesses, need to be in close tolerance,

and those features are produced through a process

which is extremely accurate. For, example, the standoffs

88, 90, 92 can be precisely plated to a thickness of

0.0275mm (0.0011 inches), and the capacitor plates 84,

- 86 can be plated to 0.125mm (0.005 inches). A gap of

0.015mm (0.0006 inches) with a tolerance of 0.0025mm

(0.0001 inches) can thereby be attained between the ca-

pacitor plates 84, 86 and the diaphragm inner surface

51 . The second advantage is the near absence of signal

modulation by thermal expansion effects. Thermal

change in dimension of the structure which establishes

the gap between the plates 84, 86 and the sensor dia-

phragm inner surface 51 is per the relation D 1 = a DT
1, where D 1 is the change in gap, a is the thermal ex-

pansion coefficient of the material creating the gap, DT
is the variation in temperature, and 1 the length of the

structure.

[0056] In the example provided, the gaps are only

0.015mm (0.0006") thick, so change in gap over an ex-

pected variation in temperature in vivo of 1° C, assuming

coefficient of thermal expansion for the standoff material

of around 13 x *\Osf°C t would result in a gap change of

1 x 10*7mm (7.8 nano-inches). This thermal change is

about sixty times less than the gap change for 1 mm Hg
pressure change, and much less than be detected using

state of the art low-current methods.

[0057] There is one significant thermal effect. When

the pressure sensor module 20 is sealed using a laser

weld process, a volume of gas (mostly Argon and Nitro-

gen) at or near atmospheric temperature and pressure

is trapped inside the cavity of the sensor module 20. The
5 difference between the gas pressure inside the cavity

and the outside pressure influences the gap of the pick-

off capacitor CP . At the instant the sensor is sealed,

there is zero pressure differential and consequently no

deflection of the pressure diaphragm 54 from its neutral

10 position. But the gas inside the sensor must comply with

the classical gas law PV = nRT. Assuming then that the

volume inside the sensor is constant, and that the mass
quantity and gas constant (n and R, respectively) are

constant (since no gas enters or leaves the sensor cav-

*5 ity after sealing), the effect of temperature change can

be described by the gas law formula as P2 - Pi OV^).
[0058] In the human body, and particularly the venous

blood stream in the ventricle, the temperature may vary

from the nominal 37 °C (±2 °C); The variation may be
20 between ±3 °C with fever and between -1 °C to +2 ?C

with exercise. Assuming that the sensor were sealed at

300K and 760 mm Hg, the gas taw formula implies that

for every 1° C change in temperature. there is a corre-

sponding change of over 2 mm Hg in internal pressure.

25 This will manifest itself as a decrease in the pressure

value reported by the sensor with increasing tempera-

ture, since the cavity pressure against which external

pressure is compared has increased: This is a signifi-

cant error and needs to be compensated for. In accord-

30 ance with a further aspect of the present invention, the

charging time of the reference capacitor CR , which will

vary as a function of temperature due to variation of

band-gap regulator current of approximately 1% / °C, is

monitored. The change in charging time Ttemp of the

35 reference capacitor CR is stored in the monitor 1 00, and

used to correct for changing temperature effects.

[0059] As previously mentioned, the feature which

physically responds to pressure to produce a change in

pickoff capacitance is the thin diaphragm 54 in housing

<o half member 50 created via a wire EDM process. The

deflection y measured at the center of the diaphragm

54 is governed by the equation:

45 ymax = k
1
(wr

4
/ Et

3
)

where w is the pressure applied to one side of the dia-

phragm 54 (or the pressure difference), r is the width of

the rectangular diaphragm 54, E is Young's Modulus for

50 the diaphragm material, t is the thickness of the dia-

phragm, and k
1

is a constant determined by the length-

to-width ratio of the diaphragm 54. In the present inven-

tion, a ratio of 2:1 was used for the sensor diaphragm

54 dimensions, yielding k
1
=.0277. If the ratio were re-

55 duced to 1 .5:1, and width remained constant, k1 would

be reduced to .024, with a corresponding 1 3% reduction

in diaphragm displacement This is not a major impact

on sensitivity, and shows that the length of the dia-

9
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phragm 54 could potentially be reduced without a major

impact on sensitivity.

[0060] In a specific construction employing the 2:1 ra-

tio and a diaphragm thickness T of 0.0325mm (0.0013

inches), and a gap of 0.125mm (0.005 inches), a base-

line capacitance of approximately 3 pF was realized for

both, the pickoff and reference capacitors, CP and CR
counting a capacitance contribution of the sensor IC

chip 64. Baseline capacitance is preferably large in com-

parison to expected parasitic capacitances, especially

those which would tend to vary over time or in response

to environments, but not so large as to demand overty

large charging currents. Also, the capacitances are pref-

erably large enough to keep the oscillation frequency of

the pickoff circuit around 4-6 kHz without resorting to

extremely low charging currents, which would tend to

decrease signal-to-noise ratio. Preliminary prediction

for change in capacitance in response to pressure

change is 0.5 - 1 .5 fF / mm Hg.

[0061] The preferred embodiment of the reference

and pickoff capacitors described above and depicted in

the drawings, particularly Figure 9, positions the refer-

ence capacitor plate 86 in a ring shape surrounding the

pickoff capacitor plate 84 on substrate surface 61 . It will

be understood that the reference capacitor plate 86 may
have a different shape and be positioned elsewhere on

the substrate surface 61 . For example, both the refer-

ence capacitor plate 86 and the pickoff capacitor plate

84 may be square or rectangular and positioned side by

side on the substrate surface 61 . Regardless of the con-

figuration or position, the reference capacitor plate

would be located outside the perimeter 53 of the dia-

phragm 54 and spaced away from the inner surface of

the diaphragm 54 in the same fashion as described

above. Moreover, in any such configuration, the dia-

phragm 54 and the pickoff capacitor plate 84 may also

have a different shape, e.g. a more square shape than

shown.

Pressure and Temperature Signal Modulating Circuit

[0062] The pressure and temperature signal modulat-

ing sensor circuit 200 (including the circuit within the IC

chip 64, the associated resistor 62 mounted on the sub-

strate 60 and the pickoff and reference capacitors CP
and CR) within pressure sensing module 20 is shown in

Figures 10 and 11. Sensor circuit 200 translates the

pressure and temperature modulated pickoff and refer-

ence capacitor CP and CR values into charge time-mod-

ulated intervals Tprs and Ttemp, respectively, between

sensor current pulse signals PR and PP, transmitted up

the active lead conductor 16.

[0063] Figure 1 0 also depicts the equivalent circuit im-

pedance of the pressure sensing lead 12 within the dot-

ted line block denoted 12. The lead conductors 14 and

16 can exhibit a leakage resistance 202 as low as about

300kQ and capacitance 204 of about 110 pf between

them. Lead conductor 14 has a series resistances 206

and 208 totaling about 25Q, and lead conductor 16 has

a series resistances 210 and 212 totaling about 40ft.

The leakage resistance and capacitance may deviate

over the time of chronic implantation. The demodulator

5 150 includes lead load impedances and is calibrated at

implantation in a manner described below.

[0064] The passive lead conductor 14 applies VDD
from demodulator 150 to the VDD terminal of IC chip 64

and to the pickoff and reference capacitors CP and CR .

The active lead conductor 16 connects the terminal

VREG of IC chip 64 to the terminals CPOUT and CPIN
of demodulator 150 through an equivalent resistor net-

work depicted in Figure 13.

[0065] The pressure and temperature signal modulat-

es ing sensor circuit 200 is shown in greater detail in Figure

11 and essentially operates as a bi-stable multivibrator

operating near the target frequency of 5 kHz in alter-

nately charging plate 86 of reference capacitor CR and

plate 84 of the pickoff capacitor CP from VDD, which in

this case is 0 volts, through reference voltage VR and

to a target voltage VT through a current source of 1/3 I

as shown in the two waveforms of Figure 1 2 labeledVCR
and VCP . The reference capacitor CR and the pickoff

capacitor CP are alternately discharged through a fur-

ther current source of 2/3 I coupled to VDD through the

reference voltage VR back to VDD or 0 volts as also

shown in these two waveforms of Figure 12. It should

be noted that the wave forms of Figure 12 are not to

scale and are exaggerated to ease illustration of the sig-

nals generated in the sensor circuit 200 and the demod-

ulator circuit 150.

[0066] The pickoff and reference capacitors CP and

CR are both nominally 2.2 pF, but approach 3.0 pF with

stray capacitances. Due to the biasing convention em-

ployed, the reference capacitor CR and the pickoff ca-

pacitor CP are considered to be discharged when their

plates 86 and 84, respectively, are both at VDD or 0

volts. The common plate 51 is always at VDD or 0 volts.

The reference and pickoff capacitors CR and CP are con-

sidered to be charged (to some charge level) when the

plates 84 and 86 are at a voltage other than 0 volts. In

this case, the charges are negative charges between

VDD and VREG or between 0 and -2.0 volts. Thus, the

convention employed dictates that reference and pickoff

capacitors CR and CP are "charged" toward -2.0 volts

and "discharged" from a negative voltage toward 0 votts.

The principle involved is also applicable to a VSS con-

vention, where the charged voltage levels would be pos-

itive rather than negative in polarity.

[0067] In practice, when demodulator 150 of Figure

13 is powered up, it supplies the voltage VDD at 0 volts

to lead conductor 14 and VREG at -2.0 volts to lead con-

ductor 16 of the lead 12. The regulated voltages VDD
and VREG supplied by the demodulator 150 to the sen-

sor 200 of Figure 11 are applied to a voltage dividing

diode network including diodes 214, 216, and 218 and

current source 232 in a first branch, diode 220, external

resistor 62, and current source 234 in a second branch,

20

25

30

35

40

45

50

55

10



EP 0 757 541 B1 2019

and diode 222 and current source 236 in a third branch.

Voltage VT is three diode forward voltage drops lower

than VDD through diodes 214, 216 and 218, or about

-1.5 volts, and voltage VR is two diode forward voltage

drops lower than VDD through diodes 214 and 216 or 5

about -1.0 volts.

[0068] Differential current amplifier 230 is coupled to

the second and third branches and its output is applied

to current sources 232, 234 and 236 in each branch.

The current I is defined by the voltage difference be- 10

tween two diodes 220 and 222 operating at significantly

different current densities, divided by the value of the

chip resistor 62. Changes in ambient temperature affect

the diode resistances and are reflected in the output sig-

nal from differential amplifier 230. Current sources 234, is

236 are driven to correct any current imbalance, and

current source 232 develops the current I reflecting the

temperature change within the sensor module 20.

[0069] The principle employed in the pressure and

temperature signal modulating sensor circuit 200 is a 20

deliberate misuse of the band gap regulator concept, in

that rather than using the band gap method to create a

current source insensitive to temperature, the current

source 232 varies a known amount, about 1% / °C, with

variation in temperature. This allows the variation in the 25

reference capacitor CR charge-modulated time Ttemp
to be used as a thermometer, in the interest of correcting

for sensor internal pressure change with temperature

and subsequent absolute pressure error affecting the

gap, and hence the capacitance, of the pickoff capacitor 30

CP . Since the gap of the reference capacitor CR cannot

change significantly with pressure or temperature, the

primary change in Ttemp can only occur due to temper-

ature induced change in current I generated by current

source 232. 35

[0070] The reference voltage VR and the target volt-

age VT are applied to the switched terminals of sche-

matically illustrated semiconductor switches 258 and

260. The common terminals of semiconductor switches

258 and 260 are coupled to a positive input of compa- 40

rators 240 and 242, respectively. The negative terminals

of comparators 240 and 242 are coupled through the

series charge resistors 244 and 246, respectively, to the

plates 84 and 86 of the pickoff capacitor CP and the ref-

erence capacitor CR,
respectively. The outputs of the <5

comparators 240 and 242 are inverted by inverters 248

and 250, respectively, and applied to inputs of the flip-

flop 252. The outputs of the flip-flop 252 are applied to

control terminals of the schematically illustrated semi-

conductor switches 254 and 256. Semiconductor so

switches 254 and 256 are bistable in behavior and al-

ternately connect current source 272, providing 2/3 I,

and current source 274, providing 1/3 1, to the reference

capacitor CR and the pickoff capacitor CP depending on

the state of flip-flop 252. When the current source 272 55

is applied to one of the capacitors, the current source

274 is applied to the other capacitor. The capacitor volt-

age on plate 84 or 86 is discharged through current

source 272 back to VDD or 0 volts while the capacitor

voltage on plate 86 or 84, respectively, is charged

through current source 274 toward VT as shown in Fig-

ure 12.

[0071] The outputs of comparators 240 and 242 are

also applied to control the states of schematically illus-

trated semiconductor switches 258, 260, 262, 263 and

264. Semiconductor switches 258 and 260 are monos-

table in behavior and switch states from the depicted

connection with target voltage VT to reference voltage

VR each time, and only so long as, a high state output

signal is generated by the respective comparators 240

and 242. The timing states of these switches 258 and

260 closed for conducting VR or VT to respective com-

parators 240 and 242 are also shown in the wave forms

labeled 258 and 260 shown in Figure 12.

[0072] The outputs of comparators 240 and 242 are

normally tow when the capacitor charge voltages VCp
and VCR ,

respectively, applied to the positive terminals

are lower, in an absolute sense, than the voltages VT
applied to the negative terminals. The charging of the

capacitorCP orCR coupled to the charge current source

274 to the voltageVT or -1 .5 volts causes the associated

comparator 240 or 242 to go high. When the comparator

goes high, the flip-flop 252 changes state exchanging

the closed states of semiconductor switches 254 and

256, thereby causing the previously charging (or fully

charged) capacitor to commence discharging and caus-

ing the previously discharged other capacitor to com-

mence charging.

[0073] The high output state of the associated com-

parator remains for a predetermined capacitor dis-

charge time period from VT to VR providing a one-shot

type, high state output. When the capacitor CP or Cp
voltage discharges to VR, the high state output of the

respective comparator 242 or 240 is extinguished, and

semi-conductor switches 258 or 260 is switched back to

apply VT to the respective negative terminal of the com-

parator 240 or 242. However, the capacitor CP or Cr
continues to discharge until the plate 84 or 86, respec-

tively, is back at full discharge or 0 volts. Since the dis-

charge rate exceeds the charge rate, there is a period

of time in each cycle that the capacitorCP or CR remains

at 0 volts while the other capacitor charges toward VT
(as shown in Figure 12). This ensures that each capac-

itor is fully discharged to 0 volts at the start of its respec-

tive charge time interval.

[0074] As shown specifically in Figure 11 , the switch-

es 258 and 260 are set to apply the voltage VT to com-

parators 240 and 242, and the switches 262, 263 and

264 are alt open. The plate 84 of pickoff capacitor Cp is

connected with the 2/3 1 current source 272 and is being

discharged toward VDD, that is 0 volts, while the plate

86 of reference capacitor CR is connected with the 10
I current source 274 and is being charged toward VTor
-1 .5 volts. Because of the arrangement of the switches,

258, 260, 262, 263, and 264, no pulses are being gen-

erated. It can be assumed that the plate 84 of pickoff

11
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capacitor CP is being charged from VDD toward VR and

that the voltage on the plate 86 of reference capacitor

CR is discharging from VR toward VDD. When the out-

put ofcomparator 242 does go high, the high state signal

will cause switch 260 to switch over from the then closed

pole position (e.g. the pole position schematically de-

picted in Figure 11) to the other open pole position and

remain there until the comparator 242 output goes low

again when the capacitor voltage falls back to VT. Sim-

ilarly, when the output of comparator 240 goes high in

the following charge cycle, the high state signal causes

switch 258 to switch over from the then closed pole po-

sition (e.g. the pole position schematically depicted in

Figure 11) to the other pole position and remain there

until the comparator 240 goes low. In this fashion, the

reference voltage VR is alternately applied by switches

258 and 260, respectively, to the negative terminals of

comparators 240 and 242 for the relatively short VR to

VT discharge times shown in Figure 12.

[0075] To summarize, when the charge voltage on the

pickoff capacitor CP reaches VT, the comparator 240

switches its output state high, in turn changing the state

switch 258 and closing switch 263. Delay circuit 270 is

enabled to close switch 264 when switch 263 reopens.

Similarly, in the next cycle, when the voltage on refer-

ence capacitor CR reaches VT, the comparator 242

switches its output state high, changing the state of

switch 260 and closing switch 262.

[0076] Normally open semiconductor switches 262

and 263 are also monostable in behavior and are closed

for the duration of the comparator high state, that is, the

VT toVR discharge time period.When closed, the timing

current pulses PR and PP separating (at their leading

edges) the reference and pickoff charge-time modulat-

ed intervals Ttemp and Tprs also shown in Figure 12

are generated.

[0077] The timing current signal pulse PP is controlled

in width by the reference capacitor CR capacitor dis-

charge time from VT to VR as shown in the Sensor Cur-

rent line of Figure 12. The initial low amplitude step of

two step timing current signal pulse PR is also controlled

in width by the reference capacitor CR capacitor dis-

charge time from VT to VR as shown in the wave form

labeled Sensor Current in Figure 12. The VT to VR dis-

charge times, which govern the closed time periods of

switches 258 and 260 and the widths of the low ampli-

tude steps of the timing current pulses PR and PP , are

nominally 8-12 msec. The high amplitude step of two

step timing current signal pulse PR is controlled in width

by delay circuit 270 of Figure 11.

[0078] The high state signal output of comparator 242

therefore closes normally open switch 262 for the dura-

tion of the high state, i.e. the VT to VR discharge time

of reference capacitor CR . When switch 262 closes, the

current source 266 providing 64 1 is applied to the VREG
terminal, resulting in the generation of the timing current

pulse PP depicted in Figure 12 appearing on conductor

16 as a sensor current. Similarly, the high state signal

output of comparator 240 also closes the normally open

switch 263 for the VT to VR discharge time of duration

of pickoff capacitor CP and is applied to the delay circuit

270. Delay circuit 270 effects the closure of switch 264

5 at the end of the high state and then maintains closure

of the switch 264 through a delayed high state time pe-

riod. When switches 263 and 264 are sequentially

closed, the current source 266 providing 64 1 is applied

to the VREG terminal, and then the current source 268
10 providing 208 I is applied to the VREG terminal. In this

manner, the stepped current timing pulse PR depicted

in Figure 12 is generated.

[0079] The nominal pulse height of 8.0 mA for timing

current pulse PP and for the initial step of timing current

15 pulse PR is effected by the 64 1 current source 266 when

either switch 262 or 263 is closed. The nominal, pulse

height of 24.0 mA (stepped up from the initial 8.0 mA
step) of pulse PR is effected by the 208 1 current source

when switch 264 is closed after switch 263 reopens. Be-

tween pulses, a baseline supply current of 1.5 mA is

present atVREG and on lead conductor 1 6 to which the

current pulse heights or sensor current amplitudes are

referenced.

[0080] The 8.0 mA leading step of pressure-related

25 timing current pulse PP matches the slew rate of the 8.0

mA peak of temperature-related, reference timing cur-

rent pulse PR , which reduces errors that would other-

wise be associated with detection of different amplitude

pulses having differing slew rates. The rise time of both

30 of the pulses appears to be the same to the.current sen-

sor 154 in the demodulator 150. The start of each pulse

can therefore be accurately detected and employed as

the start and end times for the intervening charge time

intervals Tprs and Ttemp. The differing peak amplh

35 tudes of the two pulses are readily distinguishable to de-

termine the order of the intervals.

[0081] Thus, Figure 12 illustrates the waveforms at

the switches 258, 260, 262, 263 and 264 in relation to

the charge and discharge voltage waveforms of the ref-

40 erence and pickoff capacitor CR and CP as well as the

timing current pulses PP and PR generated at the termi-

nal VREG marking the starts of the respective capacitor

charging intervals Tprs and Ttemp.

[0082] At 37° temperature and a barometric pressure

45 of 740 mm Hg, the capacitance values of capacitors Cp

and CR are approximately equal. Therefore, both capac-

itors CP and CR charge at an approximately equal rate.

The intervals between timing signal pulses PP and PR
are approximately equal, reflecting a 50% duty cycle

50 (calculated as the ratio of Tprs to Ttemp + Tprs), and

the nominal operating frequency from PP to PP is 5 kHz.

[0083] After implantation, the temperature should

vary somewhat from 37°. The current I, which changes

with temperature change, affects the charge times

55 Ttemp and Tprs equally which changes the operating

frequency. In addition, the blood pressure change be-

tween systole and diastole alters the capacitance of the

pickoff capacitor CP which only affects the charge time

20

12
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Tprs. Thus, charge time Ttemp only changes with tem-

perature, and the combined result is a change in fre-

quency and duty cycle dependent on both temperature

and pressure changes.

[0084] The schematically illustrated current sources 5

and semiconductor switches may be readily realized

with conventional integrated circuit designs.

Demodulator Circuit

10

[0085] The demodulator 150 shown in Figure 13 sup-

plies the voltagesVDD and VREG t at a baseline current

drain from sensor IC chip 64 of about 1 .5 mA, to the lead

conductors 1 4 and 1 6 and receives the timing signal cur-

rent pulses PP and PR modulating the baseline current *5

on conductor 16. The demodulator 150 converts the

charge time intervals Tprs and Ttemp separating the

leading edges of the train of current pulses of Figure 12

into voltage signals Vprs and Vtemp, respectively. The

voltage signals Vprs and Vtemp are supplied to the dig- 20

ital controller/timer circuit 132 and are converted by

ADC/MUX circuit 142 into digital values representing

absolute pressure and temperature data, which are

stored in the microcomputer circuit 114 in a timed rela-

tionship with other monitored physiologic data. 25

[0086] As described above, the analog temperature

signal Vtemp is derived from the interval Ttemp be-

tween the leading edges of PR and PP in an integration

process, and the analog pressure signal Vprs is derived

from the interval Tprs between the leading edges of PP 30

and PR in a duty cycle signal filtering and averaging

process. In these processes, the demodulator 150 cre-

ates the intermediate voltage square waves

NCAPS.OUT, NRESET_OUT, and DCAPS shown in

Figure 12 from the current pulse timing intervals. The 35

voltage signal Vtemp can be determined from a rela-

tively simple integration of a time interval related to the

time interval Ttemp. The voltage signal Vprs is derived

by low pass filtering the square waves of the DCAPS
signal representing the time intervals Tprs and Ttemp 40

to obtain the average voltage.

[0087] The temperature related capacitance changes

are specified to be in a narrow range of 37°C ±5°C which

could effect an ideal gas law pressure variation of 20

mm Hg full scale over the 10°C temperature change. 45

The limited range of the A/D conversion provided by the

ADC/MUX circuit 142 and the trimmed slope ofthe tem-

perature channel integrator causes a Ttemp to range

between 66 msec to 116 msec in a first range and be-

tween 96.5 msec to 146.5 msec in a second range. The 50

resulting voltage range of the analog signal Vtemp pro-

duced at the output ofthe temperature processing chan-

nel is specified to be from 0 to 1 .2 volts to be processed

by the ADC/MUX circuit 142.

[0088] The blood, ambient (atmospheric, altitude, me- 55

teorologic) pressure changes affecting the pickoff ca-

pacitor are specified in a preferable total range of 400

to 900 mm Hg. The DAC offset adjustment allows the

pressure system to be adjusted under user and/or soft-

ware control to provide this total range in order to be

compatible with the more limited range of the 8 bit A/D

converter.

[0089] In practice the gain of the pressure system will

be adjusted dependent on the sensitivity ofthe particular

pressure sensor in order to provide an A/D pressure

"range" that encompasses the expected blood pressure

range of the patient plus expected local meteorologic

pressure changes and expected altitude pressure

changes seen by the patient, the blood pressure is nor-

mally expected to be -1 0 mm Hg to 11 40mm Hg ofgauge

pressure (relative to ambient).

[0090] The resulting voltage range of the analog sig-

nal Vprs produced at the output ofthe absolute pressure

signal processing channel is also specified to be from 0

to 1 .2 volts to be processed by theADC/MUX circuit 1 42.

[0091] Turning again to the demodulator circuit 150 of

Figure 1 3, it receives a number of biasing and command
signals from the digital controller/timer circuit 132, sup-

plies the voltages VDD and VREG to the pressure and

temperature signal modulating circuit 200, processes

the sensor current pulses PR and PP , and provides the

analog signals Vtemp and Vprs to the digital controller/

timer circuit 132. Commencing first with the biasing and

operating input signals, the demodulator circuit 150 re-

ceives the regulated voltage signal VREF1 at +1 .2 volts,

a current signal lin of20 nA, and a command signalPSR
ON at the power supply 156. The regulated voltage

VREF1 is the same reference voltage as is employed

by the ADC/MUX circuit 142 for digitizing the analog

voltage signal between 0 and +1 .2 volts into an 8-bit dig-

ital word having 0 - 255 values. The output signals Vprs

and Vtemp therefore must fall in this range of 0 - 1.2

volts to be processed. It is simpler then to develop ac-

curate regulated voltages and currents of the demodu-

lator 150 from that same regulated voltage. In addition,

it should be noted that the demodulator circuit 150 as

well as the other circuits of the monitor 100 including the

microcomputer circuit 1 14 are referenced to VSS or bat-

tery ground which is at 0 volts. Therefore, the conven-

tions are reversed from those prevailing in the sensor

circuit 200. It will be understood that the same conven-

tion could be used in both cases.

[0092] From this source, the power supply 1 56 devel-

ops the voltage VREF2 at -2.0 volts below VDD (VDD-

2.0 volts), VREG1 at +2.0 volts, and the regulated cur-

rent signals lac, lampl, Iamp2, Iamp3, and lie that are

applied to the circuit blocks of Figure 13. The off-chip

capacitor and resistor networks 155, 157 and 159, 161

provide bias controls ITEMP for the current lie and ISET

for the current lac, respectively. The resistor 159 is se-

lected to provide the lac current to develop specific cur-

rent thresholds described below for the AC current sen-

sor 1 54. The resistor 1 57 is trimmed at the manufacture

of each monitor 100 to provide a specific current level

He for the integrator controller 174.

[0093] The POR and 32 kHz clock signals are applied

13
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on power-up of the monitor 100. The command signal

PSR ON, and other command signals TMP ON, 2-BIT

GAIN, 4-BIT GAIN, 8-BIT DAC CNTRL, SELF CAL,

PLRTY and RANGE are provided to the demodulator

circuit 1 50 by the digital timer/controller circuit 1 32 from 5

memory locations within the microcomputer circuit 114.

Programmed-in commands dictate the operating states

and parameters of operation reflected by these com-

mand signals. Command signal values and states are

stored in microcomputer 114 in memory locations that 10

are accessed from the digital timer/controller circuit 132

and supplied to the demodulator circuit 150 in three

words. A GAIN word of 6 bits (2-BIT GAIN & 4-BIT

GAIN), a DAC word of 8 bits and a CONTROL word of

6 bits (POR, PSR ON, TMP ON, SELF CAL, RANGE, 15

PLRTY) are stored to set the operating states and se-

lected parameters of operation.

[0094] For example, the pressure and temperature

sensing functions can be separately programmed ON
or OFF or programmed ON together by the PSRON and 20

TMP ON signals. The 1-bit PSR ON command enables

the bias currents lampl, Iamp2, Iamp3 to operate the

pressure signal processing channel. The 1-bit TMP ON
command enables the integrator controller 174 to oper-

ate the temperature signal processing channel. The re- 25

maining command values and states will be explained

in context of the components of the demodulator circuit

150.

[0095] Turning to the processing ofthe sensor current

pulses PP and PR , the lead conductor 14 is connected 30

to the connector block terminal 1 5 which is also connect-

ed to VDD. The lead conductor 16 is connected to the

VREG connector block terminal 17. A load resistor 153

is coupled across connector block terminals 15 and 17

and between VDD and VREG in order to obtain a 2.0 35

volt drop and to reduce the effects associated with

changes in the lead leakage resistance 202. The lead

conductor 16 at connector block terminal 17 is connect-

ed through resistors 151 and 152 to one input terminal

CPIN of the AC current sensor 154 and through resistor *o

151 alone to the output terminal CPOUT connected to

a current sink in the AC current sensor 154.

[0096] A further input terminal of AC current sensor

154 is connected to the voltage VREF2 at (VDD-2.0)

volts developed by power supply 156. The current sen- 45

sor 1 54 operates as a voltage regulator for ensuring that

the voltage at CPOUT remains at VREF2 or (VDD-2.0)

volts at all times, regardless of the effect of the current

pulses PP and PR generated during charge of the ca-

pacitors Cp and CR as described above and appearing so

on conductor 16 at connector block terminal 17. Since

the voltage drop across resistor 151 is small, VREG of

the circuit 200 in Figure 11 may be viewed as VREF2 of

the demodulator circuit 150 of Figure 13. Resistor 151

provides protection against external overdrive due to 55

electromagnetic interference or cardioversion/defibrilla-

tion pulses.

[0097] The current sensor 154 also includes compa-

rators established by the current lac that discriminate

the amplitudes of current pulses PP and PR when they

appear and generate the output signals CAPS_OUT
and RESET_OUT. The signal amplitudes are discrimi-

nated and reduced to current levels established by the

comparators and reference current sources in AC cur-

rent sensor 154. The CAPS_OUT signal is developed

in response to both ofthe low and high amplitude current

pulses PR( and the RESET_OUT signal is developed in

response to the high amplitude current pulse PR only.

[0098] The discrimination ofthe distinguishing param-

eters of the current pulses PP (8.0 mA) and PR (8.0 mA
followed by 24.0 mA) is effected by amplitude compa-

rators in AC current sensor 154 that are set by current

lac provided by power supplies 156. The resistor 159

determines the current ISET which in turn determines

the current lac and the thresholds for the input current

pulses in the AC current sensor 154. Preferably, a low

current threshold lL of +3.6 mA and a high current

threshold lH of +14.4 mA are established for the 8.0 mA
and 24.0 mA nominal current pulse amplitudes. The ra-

tio of these two thresholds cannot be changed, but their

values are set by resistor 159 to allow for variances in

the actual peak step amplitudes of the current pulses PP
and PR .

[0099] A sensor current pulse PP or PR having a step

that exceeds the lL (+3.6 mA) tow threshold generates

an output signal at CAPS_OUT, whereas the high step

of current pulse PR that exceeds the lH (+14.4 mA) high

threshold generates an output signal at RESET_OUT.
The CAPS_OUT and RESET.OUT signals are applied

to the level shifter 158 which responds by normalizing

the signals between VSS or 0 volts and VREG1 of +2.0

volts and providing the NCAPS_OUT and

NRESET_OUT signals shown in Figure 12. The normal-

ized NCAPS.OUT and NRESET.OUT signals are ap-

plied to the clock and reset inverting inputs, respectively,

of flip-flop 160. The inverting inputs effectively invert the

depicted NCAPS_OUT and NRESET_OUT signals

shown in Figure 12. The flip-flop 160 responds by pro-

viding a square wave output signal CAPS (not shown in

Figure 12) at its Q-output that is high during the interval

Tprs and low during the interval Ttemp.

[0100] In the decoding of the Ttemp and Tprs inter-

vals from the current pulse peaks PP and PR , the

NCAPS.OUT signal is applied to inverting clock input

of flip-flop 160 to cause it to switch state. The

NRESET_OUT signal is applied to the inverting reset

input of flip-flop 160 and does not cause it to change

state when its state at the Q output is already low. If,

however, the Q output state is high on arrival of

NRESET_OUT, the flip-flop 160 state is switched low,

resulting in the high state of the DCAPS square wave

signal as shown in the first instance in Figure 12. The

high amplitude phase of current pulse PR therefor syn-

chronizes the state of the DCAPS square wave signal

on power up and restores any loss of synchronization

that may occur from time to time. Once synchronization

14
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is established, each successive 8 mA step of the respec-

tive current pulse peaks PP and PR shown in Figure 12

switches the Q output state of the flip-flop 160, causing

the square wave of the CAPS and DCAPS signals re-

flecting the Ttemp and Tprs intervals.

[0101] The CAPS square wave output signal is ap-

plied to a digital signal processor 162 and is normally

inverted to provide the DCAPS signal shown in Figure

1 2 at a first output. The digital signal processor 162 also

normally inverts the CAPS signal to provide the TREF
signal at a second output. In this fashion, the Tprs in-

terval of DCAPS provided to the input of pressure signal

processing channel 163 is negative in polarity, and the

Ttemp interval ofTREF provided to the input of the tem-

perature signal processing channel 164 is positive in po-

larity. In regard to the polarities of signals DCAP and

TREF, the digital signal processor 162 also receives the

PLRTY signal from the digital controller/timer circuit

132. The PLRTY signal may be selectively programmed

to invert the polarity of the DCAPS square wave in order

to increase the operating range of the pressure signal

processing channel 1 63. However, it is expected that the

PLRTY signal would seldom be changed, and such a

programming option may be eliminated if the range pro-

vided in the pressure signal processing channel 163 is

sufficient.

[0102] As described further below, a self calibration

mode can be initiated in response to a SELF CAL signal

to apply a 5.46 kHz square wave signal through the dig-

ital signal processing circuit 162 to the temperature in-

tegrator controller 174 for calibration purposes. The

5.46 kHz square wave signal is simply chosen for con-

venience, since it is an even sub-multiple of the 32 kHz

clock frequency and is close to the nominal 5 kHz oper-

ating frequency. The following discussion assumes first

that the temperature processing channel 164 is already

calibrated in the manner described below and that the

normal operating mode is programmed (SELF CAL off)

so that only the CAPS signal is processed by the digital

signal processor 162.

, [01 03] Addressing the derivation of the signal Vtemp
by the temperature signal processing channel 164 first,

the temperature is demodulated from the high state of

the TREF square wave signal having a duration directly

relating to the charge time Ttemp. The integrator con-

troller 174 employs the current lie to charge an integra-

tor capacitor 187 over the time Ttemp (or a portion of

that time as explained below) and then charges sample

and hold capacitor 190 to the voltage on integrator ca-

pacitor 187. The voltage on integrator capacitor 187 is

then discharged and the voltage on sample and hold ca-

pacitor 190 is amplified by temperature amplifier stage

195 to become the Vtemp signal in the range of 0 - 1.2

volts.

[0104] More particularly, when the integrator capaci-

tor 187 is not being charged or the voltage transferred

to the sample and hold capacitor 1 90, both plates of the

integrator capacitor 187 are held at VREG1 and the bi-

directional switch 176 is open. Again, the discharge

state is characterized as a state where there is no net

voltage or charge on the capacitor 1 87, and the charged

state is characterized by a net voltage difference across

5 its plates, even though the "charged" voltage may be

nominally lower than the "discharged" voltage.

[0105] When the TREF signal goes high (and the low

range is programmed), the integrator controller 174

commences charging the plate of integrator capacitor

10 187 connected to resistor 188 to a voltage lower than

VREG1 through a current sink to VSS internal to inte-

grator controller 174. At the end of the high state of the

TREF signal, the current sink to VSS is opened and the

bidirectional switch 176 is closed for one clock cycle

15 time (30.5 msec) to transfer the resulting voltage level

on capacitor 187 to capacitor 190. Bidirectional switch

176 is then opened, and capacitor 187 is discharged by

setting both plates to VREG1 through switches internal

to integrator controller 174. With each successive re-

20 charge of integrator capacitor 187, the capacitor 187

voltage level achieved varies upward and downward

from its preceding voltage level with changes in the

width of the high state of the TREF signal, and the new
voltage level is transferred to capacitor 190. The new

25 voltage level is held on capacitor 190 when the switch

176 is opened.

[0106] The switching of bidirectional switch 176, re-

sistor 188 and capacitor 190 also form a low pass filter.

The pass band of this filter is sufficient to allow only the

30 temperature related component of the signal to pass

through and be reflected on capacitor 190.

[0107] The resulting voltage on capacitor 190, ampli-

fied by amplifier stage 195, provides the Vtemp signal

representing the temperature in the pressure sensor

35 cavity. Amplifier stage 1 95 includes an amplifier 178 ref-

erenced back to approximately +1.2V through the volt-

age divider comprising resistors 191, 192, 193 dividing

the VREG1 of +2.0 volts. Amplifier stage 1 95 has a gain

of two, and so the maximum voltage which the sample

40 and hold capacitor 190 can reach is +0.6V. This corre-

sponds to a +0.6 volt level on integrating capacitor 187

at its junction with resistor 188 which is achieved in 116

msec employing the regulated current lie.

[0108] Two operating ranges provide a higher resolu-

45 tion of the possible values of the reference capacitor R
charging time Ttemp reflected by the high state of the

TREF signal. Either a high or low range must be pro-

grammed by the RANGE bit based on individual sensor

circuit 200 characteristics and/or the temperature range

50 of the patient. Since a 5° C change in temperature will

result in approximately 5% change in Ttemp, the 8-bit

ADC count provided by ADC/MUX circuit 142 in re-

sponse to Vtemp for a particular lead cannot be near

the limits of 0 and 255.

55 [0109] For this reason, both the high range and low

range for the temperature are provided, and one or the

other is selected via a one-bit value of the above-refer-

enced 6-bit CONTROL word. Setting the RANGE bit to

20
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1 places integrator controller 174 in the high range mode
which corresponds to a TREF high state pulse width of

96-146 msec. Programming the RANGE bit to 0 places

integrator controller 174 in the low range mode which

corresponds to a TREF high state pulse width of 66-116 5

msec. The limit of 0.6 volts can be reached at the upper

end of this pulse width range.

[01 1 0] However, it is anticipated that the high operat-

ing range will be necessary in certain instances. When
the high range mode is selected, the integrator controller 10

174 effectively prolongs the high state TREF square

wave by delaying the charging of the integrator capaci-

tor 187 by one clock cycle or 30.5 msec from the begin-

ning of the high state TREF square wave. This effective-

ly shortens the TREF high state pulse width range of fs

96-146 msec that is integrated back to 66-116 msec, al-

lowing the Vtemp voltage signal to fall into the 0 - 0.6

volt range that can be doubted in amplifier stage 195,

digitized and stored. The programmed range is also

stored with the digitized temperature data so that the 20

proper values can be decoded from the telemetered out

data.

[01 1 1] In order to set the RANGE for proper temper-

ature measurement in a given patient, one or the other

range is programmed and the digitized temperature 25

readings are accumulated and telemetered out. If they

are in a proper range, then the programmed RANGE is

correct. In general, if in the low range mode and if the

digital temperature value is a digital word 50 or less, it

is necessary to program the high range. And, if in high 30

range mode and the digital word is 200 or more, it is

necessary to program to the low range. Alternatively, the

range could be automatically switched at these thresh-

old levels.

[0112] The rate of charge of integrator capacitor 187 35

in these ranges to get to the proper voltage range of 0
- 0.6 volts depends on the current lie. The self calibration

of the temperature signal processing channel 164 is

necessary to trim the resistor 157 to precisely set the

current ITEMP and the current lie so that a voltage of *o

0.590 volts is reached on capacitor 187 after a 116 msec
integration time. In this mode, the RANGE is pro-

grammed to the low range, and the SELF CAL signal is

programmed ON. The digital signal processor 162 re-

sponds to the SELF CAL ON signal to divide the 32 kHz 45

clock signal provided from digital controller/timer circuit

132 by 6 into a 5.46 kHz square wave signal exhibiting

a 50% duty cycle. The digital signal processor substi-

tutes the square wave calibration signal for the TREF
signal and applies it to the temperature signal process- so

ing channel 164 and to the input of the integrator con-

troller 174. The resistance of resistor 157 is trimmed to

adjust integrator current lie until the voltage 0.590 volts

is achieved in 116 msec or an ADC count of 125 is

reached. 55

[0113] Turning now to the derivation of the pressure

signal Vprs, the nominally 5 kHz DCAPS positive and

negative square wave of + 2.0 volts is filtered and aver-

aged to derive a voltage signal Vprs in the range of 0 -

1.2 volts at the junction of capacitor 182 and resistor

186. The 5 kHz signal component is filtered out by a

4-pole filter including a 250 Hz low pass filter provided

by capacitor 1 65 and resistor 1 66, an active Butterworth

filter comprising 40 Hz low pass filter network 196 and

first pressure amplifier stage 197, and a further 1 pole,

250 Hz low pass filter pole comprising capacitor 1 82 and

resistor 186. The low pass filter network 196 comprises

the resistors and capacitors 165 -167, 169, 171, 173,

175, 182 and 186 and averages the voltage square

wave to create a D.C. voltage proportional to the

DCAPS square wave signal duty cycle. The first presr

sure amplifier stage 197 buffers the filtered pressure-

related signal at its output. The filtered output signal is

applied to second, inverting, pressure amplifier stage

198 which comprises the amplifier 170 and the program-

mable gain, switched resistor networks 180 and 181.

Amplification and voltage offset of the output signal of

amplifier 168 is provided in second pressure amplifier

stage 198 by the 2-BIT GAIN, 4-BIT GAIN and 8-bit off-

set DAC settings.

[01 14] The variations in the manufacturing tolerances

and conditions of the sensor module 20 affects the ref-

erence and pickoff capacitance values and the re-

sponse to temperature and pressure changes that par-

ticularly affect the pressure sensing function. The gain

and offset adjustments are provided to correct for such

affects. The offset adjustment is also required to provide

for pressure range adjustments so that the pressure

range used provides adequate resolution of pressure

differences. As mentioned above, the A/D conversion

range of the ADC/MUX circuit 142 is limited to
;
256 dig-

itized values from a voltage range of 1 .2 volts. There-

fore, it is necessary to compensate for variations in the

patient's own blood pressure range as welt as prevailing

atmospheric pressure primarily related to the altitude

that the patient normally is present in. These compen-

sations are included in an offset factor developed at the

time of implant.

[0115] The offset factor is provided by the 8-bit offset

digital to analog converter (DAC) 172 which provides an

offset analog voltage dependent on the programmed

value of the DAC CNTRL binary coded digital word. The

primary function of the DAC 172 is to provide the analog

voltage to "zero" the offset in the system in order to keep

the pressure signal within the range of the ADC/MUX
block 142 (0-1 .2 volts). The analog offset voltage is ap-

plied to differential pressure amplifier 170 where it is

subtracted from the output voltage of the first pressure

amplifier 168. The total programmable range of the DAC
172 is 630 mV, between 570 mV to 1,200 mV.

[0116] The gain settings for the second pressure am-

plifier stage 198 can be adjusted by programming val-

ues for the 4-BIT GAIN and 2-BIT GAIN binary words

stored in the RAM 124 of Figure 1 by the external pro-

grammer. The 4-BIT GAIN signal controls the gain of ttie

pressure amplifier stage 198 by setting switched resis-

16
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tors in feedback switched resistor network 180 to the

binary coded gain word to provide a gain range that is

selectable by the further 2-BIT GAIN signal setting of

switched resistor network 181. The gain setting can be

varied from 5X - 20X in 1X increments, 10X - 40X in 2X 5

increments and 20X - 80X in 4X increments. The gain

ranges and increments are established by the 2-BIT

' GAIN control signal applied to the series switched resis-

tor network 181.

[0117] The first pressure amplifier stage 197 re- 10

sponds to the ratio of Ttemp to the sum of Ttemp and

Tprs resulting in a first filtered voltage signal. The sec-

ond pressure amplifier stage 198 amplifies and inverts

the first voltage signal as a function of the offset and

gain settings and therefore responds effectively to the *s

ratio of Tprs to the sum ofTtemp and Tprs, or the duty

cycle of Tprs. The output signal from amplifier 170 of

the second amplifier stage 198 is applied to a further low

pass filter stage comprising resistor 186 and capacitor

182 to filter out any remaining component of the about 20

5 kHz oscillation frequency and/or any noise. The result-

ing filtered signal is applied as pressure signal Vprs to

the digital controller/timer circuit 132 of Figure 1.

[011 8] The resulting Vprs and Vtemp voltage signals

are digitized in the ADC/MUX circuit 142 in a manner 25

well known in the art to provide digitized Vprs and
: Vtemp data values. The digitized Vprs and Vtemp data

values are applied on bus 1 30 to the microcomputer cir-

cuit 114 for storage in specified registers in RAM/ROM
unit 128. The digitized Vtemp data value may be em- 30

ployed in processing the digitized data values teleme-

tered out by the external programmer to compensate for

the temperature induced affects on the Vprs data val-

ues. The stored data values may also be correlated to

data from the activity sensor block 152 and other sen- 35

sors, including other lead borne sensors for monitoring

blood gases and the patient's EGM as described above.

[0119] The capacitive pressure and temperature

sensing system described above is intended for implan-

tation in the body of a patient However, it will be under- 40

stood that the sensor lead 12 may be implanted as de-

scribed above through a venous approach but with its

proximal connector end coupled through the skin to an

external system 100 for ambulatory or bedside use. In

addition, the system 100 may be simplified to the extent 45

that the data may be transmitted remotely in real time

to an external programmer/transceiver instead of being

stored in microcomputer circuit 114. In the latter case,

the microcomputer circuit 114 may be eliminated in favor

of a more limited, digital discrete logic, programming so

command memory of types welt known in the prior art

of pacing.

[0120] Variations and modifications to the present in-

vention may be possible given the above disclosure. Al-

though the present invention is described in conjunction 55

with a microprocessor-based architecture, it will be un-

derstood that it could be implemented in other technol-

ogy such as digital logic-based, custom integrated cir-

cuit (IC) architecture, if desired.

Claims

1. An implantable capacitive pressure sensor for pro-

viding signals representative of the magnitude of

body fluid pressure at a selected site and ambient

operating conditions, including body temperature,

at the site comprising:

an elongate implantable lead body having prox-

imal and distal end sections and having first and

second electrical conductors (14,16) extending

from the proximal end section to the distal.end

section, said proximal end adapted to be cou-

pled to a biasing signal source (132), and said

distal end section adapted to be implanted in a

body position for measuring a varying body fluid

pressure; and

a pressure sensor module (20) formed in the

distal end section of the lead body and coupled

to said first and second electrical conductors

(14,16), the pressure sensor module (20) fur-

ther comprising:

a module housing (50,52) attached to said

lead body adapted to be positioned in a

body cavity and enclosing a hermetically

sealed chamber (55); and

pressure deformable pickoff capacitor

means (CP) for varying in capacitance in

response to variations in fluid pressure

having a first plate formed of a pressure de-

formable diaphragm (54) of said module

housing and a second plate (84) spaced

apart therefrom; and

pressure and temperature signal modulating circuit

means (60) within said hermetically sealed cham-

ber (55) and electrically coupled to said first and

second electrical conductors (14,16), character-

ised by

reference capacitor means (CR) having a first

plate (51) formed of a non-deformable portion of

said module housing (50) and a second plate

spaced apart therefrom.

2. The pressure sensor lead of clajm 1 , further com-

prising:

a substrate (60) supported within said module

housing (50,52) for supporting said second

plates (84,86); wherein said pressure and tem-

perature signal modulating circuit is supported

on said substrate.

3. The pressure sensor lead of Claim 1 or 2 wherein:
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said first plate (54) of said pickoff capacitor (CP)

means is formed of a pressure deformable, pla-

nar diaphragm having a first predetermined

surface area formed by said module housing

(50) of a conductive material with an exterior 5

planar surface and a parallel interior surface

within said hermetically sealed chamber (55),

said planar diaphragm adapted to be deformed

in said first predetermined surface area by var-

iations in fluid pressure outside the module 10

housing; and

said first plate (51) of said reference capacitor

means (CR) is formed by a second predeter-

mined planar surface area of said interior sur-

face spaced apart from and co-planar with said 15

first predetermined surface area and substan-

tially non-deformable by variations in fluid pres-

sure outside the module housing (50,52).

The pressure sensor lead of Claim 2 further com- 20

prising:

means for forming said second plates (84,86)

of said pickoff and reference capacitor means

on a first surface of said substrate (60); and 25

means (88,92) for spacing said second plates

(84,86) of said pickoff and reference capacitor

means a fixed distance from said first plates

(54,51) of said pickoff and reference capacitor

means. 30

The pressure sensor lead of Claim 4 wherein:

said second plates (84,86) of said pickoff and

reference capacitor means further comprise 35

pickoff and reference capacitor platings of a

first thickness formed on said first surface of

said substrate (60) conforming to pickoff and

reference capacitor plate patterns, respective-

ly; and *o

said spacing means further comprises:

a plurality of standoffs (88-92) of a second

thickness greater than said first thickness

formed on said first surface of said sub- 45

strate (60); and

means for urging said standoffs against

said interior surface for spacing said sec-

ond plates of said pickoff and reference ca-

pacitor means from said first plates of said so

pickoff and reference capacitor means by

a predetermined gap establishing the

same capacitance for both the pickoff and

reference capacitors in the absence of de-

formation of said diaphragm. 55

6. The pressure sensor lead of Claim 5 wherein said

standoffs are formed of standoff platings of said

second thickness formed on said first surface of

said substrate (60) in areas outside said pickoff and

reference capacitor platings and electrically isolat-

ed therefrom.

7. The pressure sensor lead of Claim 2 further com-

prising:

means for supporting said second plates

(84,86) of said pickoff and reference capacitor

means on a first surface of said substrate (60);

and

means for spacing (88,92) said second plates

of said pickoff and reference capacitor means
a fixed distance from said first plates (54,51) of

said pickoff and reference capacitor means
whereby a predetermined gap establishes the

same capacitance for both the pickoff and ref-

erence capacitors in the absence of deforma-

tion of said diaphragm (54).

8. The pressure sensor lead of Claim 7 wherein said

pressure and temperature signal modulating circuit

means (200) is supported on a second surface of

said substrate (60) within said hermetically sealed

chamber (55) and electrically coupled to said first

and second electrical conductors (14,16) and to

said second plates (84,86).

9. The pressure sensor lead of Claim 1 or 2 wherein:

said module housing is formed of a conductive

material having an exterior planar surface and

an interior planar surface shaped to form said

planar diaphragm (54) having a fixed thickness

and perimeter boundary in a planar section

thereof to form said first deformable plate of

said pickoff capacitor (CP) in a pickoff capacitor

plate pattern, said interior planar surface ex-

tending beyond the boundary of said planar di-

aphragm to form said first plate (51) of said ref-

erence capacitor (CR) in a reference capacitor

plate pattern adjacent to said first deformable

plate.

10. The pressure sensor lead of any preceding Claim

wherein said module housing (50,52) is fabricated

of a conductive metal and further comprising:

insulative body compatible sheath means for

electrically isolating said module housing from

body fluids and tissue.

11. The pressure sensor lead of Claim 10 wherein said

sheath means further comprises an insulative, uni-

form thickness coating ofan adhering body compat-
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ibte material overlying said diaphragm.

12. The pressure sensor lead of Claim 10 or 11 wherein

said sheath means further comprises a tubular

sheath fitting over said module housing and cou- 5

pled to said insulative, uniform thickness coating of

an adhering body compatible material overlying

said diaphragm.

13. The pressure sensor lead of any preceding Claim

wherein said pressure and temperature signal mod-

ulating circuit means (200) further comprises:

14. The pressure sensor lead of Claim 13 wherein said 30

timing pulse generating means further comprises:

means for establishing a charge threshold volt-

age;

means for detecting the charging of said refer- 35

ence capacitor means to said charge threshold

voltage and for generating a pickoff timing

pulse on said first electrical conductor in re-

sponse thereto, said pickoff timing pulse having

a first predetermined characteristic; *o

means for detecting the charging of said pickoff

capacitor means to said charge threshold volt-

age and for generating a reference timing pulse

in response thereto, said reference timing pulse

having a second predetermined characteristic 45

distinguishable from said first predetermined

characteristic.

15. The pressure and temperature sensing lead of

Claim 14 wherein: 50

said first predetermined characteristic compris-

es a first pulse width, pulse amplitude and pulse

leading edge slope; and

said second predetermined characteristic com- 55

prises a stepped pulse having leading and trail-

ing steps, said leading step corresponding to

said first pulse width, pulse amplitude an pulse

leading edge slope, and said trailing step hav-

ing a second pulse amplitude and pulse width;

16. A method of fabricating an implantable capacitive

pressure sensor lead for providing signals repre-

sentative of the magnitude of body fluid pressure at

a selected site and ambient operating conditions,

including body temperature, at the site comprising:

forming an elongate implantable lead body hav-

ing proximal and distal end sections with first

and second electrical conductors (14,16) ex-

tending from the proximal end section to the

distal end section, said proximal end adapted

to be coupled to a biasing signal source,, and

said distal end section adapted to be implanted

in a body position for measuring a varying body

fluid pressure;

attaching a pressure sensor module (20) to the

distal ends of said first and second electrical

conductors (14,16) at said distal end section,

the pressure sensor module (20) further com-

prising:

a module housing (50,52) enclosing a her-

metically sealed chamber (55); .

pressure deformable pickoff capacitor

means (CP) for varying in capacitance in

response to variations in fluid pressure

having a first plate (54) formed of a pres-

sure deformable diaphragm of said module

housing and a second plate (84) spaced

apart therefrom; and

pressure and temperature signal modulat-

ing circuit means (200) within said hermet-

ically sealed chamber (55) and electrically

coupled to said first and second electrical

conductors (14,16); characterised in that

said module housing (50, 52) is formed of

a conductive material; and further compris-

ing the steps of

covering said first and second electri-

cal conductors with a first body com-

patible, electrically insulating outer

sheath extending from said proximal

end section to said distal end section; -

covering said sensor module (20) w&h

a second sheath of the same material

as said first sheath, the material of said

second sheath having a low adher-

ence to the material of said mod*
housing;

providing an opening in said second

sheath corresponding to the area of

said diaphragm (54);

bonding said second sheath to said

first sheath in a fluid tight bond at toe

10

means (230) for receiving an externally applied

biasing signal on said first and second conduc- 1$

tors (14,16) and for generating charging and

discharging currents therefrom which vary in

magnitude with ambient temperature;

means (258-264;272,274) for alternately

charging and discharging said pickoff and ref- 20

erence capacitor means with said charging and

discharging currents; and

timing pulse generating means (270) for gener-

ating pickoff and reference timing pulses on

one of said electrical conductors (14,16), the 25

timing pulses separating the alternate charging

time intervals of the pickoff and reference ca-

pacitor means.
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junction of said distal end of said lead

body with said module housing so that

said sheath opening is aligned with

said diaphragm (54);

filling the gap between the perimeter 5

of the opening of the second sheath

and the module housing with said fur-

ther material to decrease the migration

of body fluids into the space between

the module housing and the second 1®

sheath; and

applying a further body compatible,

electrically insulating material in a uni-

form thickness layer over said dia-

phragm in said opening of said second 15

sheath, said further material having a

high adherence with the material of

said diaphragm in the presence of

body fluids and tissue.

17. The method of Claim 16 wherein said material of

said first and second sheathes is an implantable

grade potyurethane and the further body compati-

ble material is an implantable grade silicon rubber.

25

Patentanspruche

1. Implantierbarer kapazitiver Drucksensor fur die Er-

zeugung von Signalen, die die Grd&e eines Korper- 30

fluiddrucks an einer ausgewahlten Stelle und unter

Umgebungsbetriebsbedingungen einschlie&lich

der Korpertemperatur an dieser Stelle reprasentie-

ren, mit:

35

* einem langgestreckten implantierbaren Lei-

tungskorper mit proximalen und distalen End-

abschnitten und ersten und zweiten elektri-

schen Leitern (14, 16), die sich vom proximalen

Endabschnitt zum distalen Endabschnitt er- 40

strecken, wobei das proximate Ende mit einer

Vorspannungssignalquelle (132) gekoppelt

werden kann und der distale Endabschnitt an

einer Korperposition zum Messen eines sich

verandemden Kdrperfluiddrucks implantiert 45

werden kann; und

einem Drucksensormodul (20), das in dem di-

stalen Endabschnitt des Leitungskorpers aus-

gebildet und mit den ersten und zweiten elek-

trischen Leitern (14, 16) gekoppelt ist, wobei so

das Drucksensormodul (20) ferner umfafit:

ein Modulgehause (50, 52), das an dem
Leitungskorper befestigt und in einem Kor-

perhohlraum positioniert ist und eine her- 55

metisch dichte Kammer (55) umschlie&t;

und

druckverformbare Aufnehmerkondensa-

tormittel (CP), deren Kapazitat sich in Re-

aktion aufAnderungen des Fluiddrucks an-

dert und die eine aus einer druckverform-

baren Membran (54) des Modulgehauses

gebitdete erste Platte sowie eine hiervon

beabstandete zwerte Platte (84) besitzen;

und

Drucksignal- und Temperatursignal-Modu-

lationsschattungsmittel (60) in der herme-

tisch dichten Kammer (55), die mit den er-

sten und zweiten elektrischen Leitern (14,

16) elektrisch gekoppelt sind, gekenn-

zeichnet durch

Referenzkondensatormittel (CR), die eine

aus einem nicht verformbaren Abschnitt

des Modulgehauses (50) gebildete erste

Platte (51) und eine hiervon beabstandete

zweite Platte besitzen.

2. Drucksensorleitung nach Anspruch 1, die ferner

umfafM:

ein Substrat (60), das in dem Modulgehause

(50, 52) gehalten wird und die zweiten Platten

(84, 86) tragt, wobei die Drucksignal- und Tem-

peratursignal-Modulationsschaltung auf dem
Substrat getragen wird.

3. Drucksensorleitung nach Anspruch 1 Oder 2, bei

der

die erste Platte (54) der Aufnehmerkondensa-

tormittel (C
p)

aus einer druckverformbaren,

ebenen Membran gebildet ist, die einen ersten

vorgegebenen Oberflachenbereich besitzt, der

durch das Modulgehause (50) aus einem len

tenden Werkstoff gebildet ist und eine au&ere

ebene Oberflache sowie eine parallele innere

Oberflache in der hermetisch dichten Kammer

(55) aufweist, wobei die ebene Membran in

dem ersten vorgegebenen Oberflachenbereich

durch Fluiddruckanderungen au&erhatb des

Modulgehauses verformt werden kann; und

die erste Platte (51) der Referenzkondensator-

mittel (CR) durch einen zweiten vorgegebenen,

ebenen Oberflachenbereich der inneren Ober-

flache gebildet ist, der von dem ersten vorge-

gebenen Oberflachenbereich beabstandet und

hierzu koplanar ist und durch Fluiddruckande-

rungen au&erhalb des Modulgehauses (50, 52)

im wesentlichen nicht verformbar ist

4. Drucksensorleitung nach Anspruch 2, die ferner

umfattt

Mittel zum Bilden der zweiten Platten (84, 86)

der Aufnehmer- und Referenzkondensatormit-

tel auf einer ersten Oberflache des Substrate

20
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(60); und

Mittel (88, 92), die die zweiten Platten (84, 86)

der Aufnehmer- und Referenzkondensatormit-

tel urn eine feste Strecke von den ersten Platten

(54, 51 ) der Aufnehmer- und Referenzkonden- 5

satormrttel beabstandet halten.

5. Drucksensorleitung nach Anspruch 4, bei der:

die zweiten Platten (84, 86) der Aufnehmer- n>

und Referenzkondensatormittel ferner Aufneh-

mer- und Referenzkondensator-Metallisierun-

gen mit einer ersten Dicke besitzen, die auf der

ersten Oberflache des Substrats (60) in Ober-

einstimmung mit Aufnehmer- bzw. Referenz- *5

;

kondensator-Plattenmustern gebildet sind; und

die Beabstandungsmittel ferner umfassen:

mehrere Distanzstucke (88-92) mit einer

zweiten Dicke, die grofter als erste Dicke 20

ist, die auf der ersten Oberflache des Sub-

strats (60) ausgebildet sind; und

Mittel, die die Distanzstucke gegen die in-

nere Oberflache drangen, urn die zweiten

Platten der Aufnehmerund Referenzkon- 25

densatormittel von den ersten Platten der

Aufnehmer- und Referenzkondensatormit-

tel urn einen vorgegebenen Spalt zu beab-

standen, um bei Abwesenheit einer Verfor-

mung der Membran die gleiche Kapazitat 30

sowohl fur den Aufnehmerkondensator als

auch fur den Referenzkondensator zu

schaffen.

6. Drucksensorleitung nach Anspruch 5, bei der die 35

Distanzstucke aus Distanzstuck-Metallisierungen

mit der zweiten Dicke gebildet sind, die auf der er-

sten Oberflache des Substrats (60) in Bereichen

auRerhalb derAufnehmer- und Referenzkondensa-

tor-Metallisierungen gebildet und hiervon elektrisch <o

isoliert sind.

7. Drucksensorleitung nach Anspruch 2, die ferner

umfafit:

45

Mittel, die die zweiten Platten (84, 66) der Auf-

nehmer- und Referenzkondensatormittel auf

einer ersten Oberflache des Substrats (60) un-

terstutzen; und

Mittel (88, 92), die die zweiten Platten der Auf- so

nehmer- und Referenzkondensatormittel um
eine feste Strecke von den ersten Platten (54,

51) der Aufnehmerund Referenzkondensator-

mittel beabstanden, wobei bei Abwesenheit ei-

ner Verformung der Membran (54) ein vorge- 55

gebener Spalt die gleiche Kapazitat sowohl fur

den Aufnehmerkondensator als auch fur den

Referenzkondensator ergibt.

8. Drucksensorleitung nach Anspruch 7, bei der die

Drucksignal- und Temperatursignal-Modulations-

schaltungsmtttel (200) auf einer zweiten Oberflache

des Substrats (60) in der hermetisch dichten Kam-
mer (55) unterstutzt sind und mit den ersten und

zweiten elektrischen Leitern (14, 16) und den zwei-

ten Platten (84, 86) elektrisch gekoppelt sind.

9. Drucksensorleitung nach Anspruch 1 oder 2, bei

der

das Modulgehause aus einem leitenden Werk-

stoff gebildet ist und eine au&ere ebene Ober-

flache sowie eine innere ebene Oberflache be-

sitzt, die so geformt sind, dad sie die ebene

Membran (54) mit einer festen Dicke und einer

Umfangsgrenze in einem ebenen Querschnitt

hiervon bilden, um die erste verformbare Platte

des Aufnehmerkondensators (C
p) in einem

Aufnehmerkondensator-Plattenmuster zu bil-

den, wobei sich die innere ebene Oberflache

uber die Grenze der ebenen Membran hinaus

erstreckt, um die erste Platte (51) des Refe-

renzkondensators (CR) in einem Referenzkon-

densator-Plattenmuster, das an die erste ver-

formbare Platte angrenzt, zu bilden.

10. Drucksensorleitung nach einem vorhergehenden

Anspruch, bei der das Modulgehause (50, 52) aus

einem leitenden Metatl hergestellt ist und ferner um-

faftt:

isolierende, korpervertragliche Hulsenmittel fur

die elektrische Isolation des Modulgehauses

von Korperfluiden und -gewebe.

11. Drucksensorleitung nach Anspruch 10, bei der die

Hulsenmittel ferner eine uber der Membran liegen-

de isolierende Beschichtung mit gleichmaSiger Dik-

ke aus einem haftenden, korpervertraglichen Werk-

stoff umfassen.

12. Drucksensorleitung nach Anspruch 10 oder 11, bei

der die Hulsenmittel femer eine rohrenformige Hul-

se umfassen, die uber das Modulgehause gezogen

ist und mit der auf der Membran liegenden isolie-

renden Beschichtung mit gleichma&iger Dicke aus

einem haftenden, korpervertraglichen WerkstofT

gekoppelt ist

13. Drucksensorleitung nach einem vorhergehenden

Anspruch, bei der die Drucksignal- und Tempera-

tursignal-ModuIationsschattungsmittel (200) femer

umfassen:

Mittel (230), die ein von au&en an die ersten

und zweiten Letter (14, 16) angelegtes V6r-

spannungssignal empfangen und hieraus La-
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de- und Entladestrome erzeugen, deren Gro&e

sich in Abhangigkeit von der Umgebungsterr^

peratur andert;

Mittel (258-264; 272, 274), die die Aufnehme-

aind Referenzkondensatormittel mit den Lade- 5

und Entladestrdmen abwechselnd laden und

entladen; und

Taktimpuls-Generatormittel (270), die in einem

der elektrischen Leiter (14,16) Aufnehmer- und

Referenz-Taktimpulse erzeugen, die die ab- 10

wechselnden Ladezeit-lntervalle der Aufneh-

mer- und Referenzkondensatormittel trennen.

14. Drucksensorleitung nach Anspruch 13, bei der die

Taktimpuls-Generatormittel femer umfassen: *5

Mittel, die eine Ladungsschwellenspannung er-

zeugen;

Mittel, die das Laden der Referenzkondensa-

tormittel bis zur Ladeschweilenspannung er- 20

fassen und in Reaktion darauf in dem ersten

elektrischen Leiter einen Aufnehmer-Taktim-

puls erzeugen, wobei der Aufnehmer-Taktim-

puls eine erste vorgegebene Charakteristik hat;

Mittel, die das Laden der Aufnehmerkondensa- 25

tormittel auf die Ladeschweilenspannung er-

fassen und in Reaktion darauf einen Referenz-

Taktimpuls erzeugen, wobei der Referenz-

Taktimpuls eine zweite vorgegebene Charakte-

ristik hat, die von der ersten vorgegebenen 30

Charakteristik unterscheidbar ist.

15. Druck- und Temperaturerfassungsleitung nach An-

spruch 14, bei der
35

die erste vorgegebene Charakteristik eine er-

ste Impulsbreite, eine erste Impulsamplrtude

und eine erste Impulsanstiegsflanken-Stei-

gung aufweist; und

die zweite vorgegebene Charakteristik einen *o

gestuften Impuis aufweist, der vordere und hin-

tere Stufen besitzt, wobei die vordere Stufe der

ersten Impulsbreite, der ersten Impulsamplitu-

de und der Impulsanstiegsflanken-Steigung

entspricht und die hintere Stufe eine zweite Im- 45

pulsamplitude und eine zweite Impulsbreite be-

sitzt.

16. Verfahren fur die Herstellung einer implantierbaren,

kapazHiven Drucksensorleitung fur die Erzeugung so

von Signalen, die die Grd&e eines Korperfluid-

Drucks an einer ausgewahtten Stelle und bei Um-
gebungsbetriebsbedingungen einschlieftlich der

Korpertemperatur an dieser Stelle reprasentieren,

umfassend: ss

Bilden eines tanggestreckten implantierbaren

Leitungskorpers, der proximale und distale

Endabschnitte besitzt und erste und zweite

elektrische Leiter (14, 16) die sich von dem pro-

ximalen Endabschnitt zu dem distalen Endab-

schnitt erstrecken, aufweist, wobei das proxi-

male Ende mit einer Vorspannungssignalquelle

gekoppelt werden kann und der distale Endab-

schnitt an einer Korperposition implantiert wer-

den kann, urn einen sich veranderten Korper-

fluiddruck zu messen;

Befestigen eines Drucksensor-Moduls (20) an

den distalen Enden der ersten und zweiten

elektrischen Leiter (14, 16) am distalen Endab-

schnitt, wobei das Drucksensor-Modul (20) fer-

ner umfalit:

* * * * *

ein Modulgehause (50, 52), das eine her-

metisch dichte Kammer (55) umschlie&t;

druckverformbare Aufnehmerkondensa-

tormittel (CP), die ihre Kapazitat in Reakti-

on aufVeranderungen des Fluiddrucks an-

dem und eine erste Platte (54), die aus ei-

ner druckverformbaren Membran des Mo-

dulgehauses gebildet ist, sowie eine hier-

von beabstandete zweite Platte (84) besit-

zen; und

Drucksignal- und Temperatursignal-Modu-

lattonsschaltungsmittel (200) in derherme-

tisch dichten Kammer (55), die mit den er-

sten und zweiten elektrischen Leitem (14,

16) elektrisch gekoppelt sind; dadurch ge-

kennzeichnet, da& das Modulgehause

(50, 52) aus einem leitenden Werkstoff ge-

bildet ist; und daft das Verfahren ferner die

folgenden Schritte umfaRt:

Bedecken der ersten und zweiten

elektrischen Leiter mit einer ersten

korpervertraglichen, elektrisch isolre-

renden auKeren Hulse, die sich vom
proximalen Endabschnitt zum distalen

Endabschnitt erstreckt;

Bedecken des Sensormoduls (20) mit

einer zweiten Hulse aus dem gleichen

Werkstoff wie die erste Hulse, wobei

der Werkstoff der zweiten Hulse eine

geringe Haftung am Werkstoffdes Mo-

dulgehauses besitzt;

Vorsehen einer Offnung in der zweiten

Hulse, die dem Bereich der Membran

(54) entspricht;

Befestigen der zweiten Hulse an der

ersten Hulse mit einer fluiddichten

Haftung am Obergang des distaJen

Endes des Leitungskorpers in das Mo-

dulgehause, so daft die Hulsenoffnung

auf die Membran (54) ausgerichtet ist;

Fullen des Spafts zwischen dem Urn-

fang der Offnung der zweiten Hulse
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und dem Modulgehause mit weiterem

Werkstoff, urn die Migration von Kor-

perfluiden in den Raum zwischen dem
Modulgehause und der zweiten Hulse

zu verringern; und 5

Aufbringen eines weiteren korperver-

traglichen, eiektrisch isolierenden

Werkstoffs in Form einer Schicht mit

gleichma&iger Dikke auf der Membran

in der dffnung der zweiten Hulse, wo- 10

bei der weitere Werkstoff bei Vorhan-

densein von Korperfluiden und -gewe-

be eine hdhere bzw. grofte Haftung am
Werkstoff der Membran besitzt.

15

17. Verfahren nach Anspruch 16, bei dem der Werkstoff

der ersten und zweiten Hulsen ein Polyurethan mit

implantierbarer Qualitat ist und der weitere korper-

vertragliche Werkstoff ein Silikongummi mit implan-

tierbarer Qualitat ist. 20

Revendications

1. Sonde de pression capacitive implantable pour 25

fournir des signaux representatifs de i'ampleur de

la pression de fluide organique a un emplacement

determine etdes conditions ambiantes de fonction-

nement, y compris la temperature corporelle, dans

^emplacement, comprenant : 30

un corps de sonde implantable allonge compor-

tant des sections d'extremite proximale et dis-

tale et comportant des premier et deuxieme

conducteurs tlectriques (14,16) s'etendant de 35

la section d'extremite proximale a la section

d'extremite distale, ladite extremite proximale

etant adaptee pour etre connectee a une sour-

ce de signal de polarisation (132) et ladite sec-

tion d'extremite distale etant adaptee pour etre 40

implantee dans un emplacement du corps pour

mesurer une pression de fluide organique

variable ; et

un module de capteur de pression (20) forme

dans la section d'extremite distale du corps de <s

sonde et connecte aux dits premier et deuxie-

me conducteurs electriques (14, 16), le module

de capteur de pression (20) comprenant en

outre

:

50

un bottier de module (50, 52) fixe audit

corps de sonde, adapte pour etre position-

ne dans une cavite du corps et contenant

une chambre fermee hermetiquement

(55) ; et 55

des moyens de condensateur de mesure

deformable sous pression (CP) pour faire

varier la capacite en reponse aux varia-

tions de la pression du fluide, comportant

une premiere plaque constitute par un

diaphragme deformable sous pression

(54) dud it boitier de module et une deuxie-

me plaque (84) espacee de celle-ci ; et

des moyens de circuit de modulation de si-

gnal de pression et de temperature (60) a

I'interieurde ladite chambre fermte herme-

tiquement (55) et connectes electrique-

ment aux dits premier et deuxieme conduc-

teur electriques (14, 16), caractdrisee par

des moyens de condensateurde reference

(CR) comportant une premiere plaque (51)

constitute par une partie non deformable

dudit boitier de module (50) et une deuxie-

me plaque espacee de celle-ci.

Sonde de mesure de pression selon la revindica-

tion 1, comprenant en outre

:

un substrat (60) supporte a I'interieur dudit boi-

tier de module (50, 52) pour supporter lesdites

deuxiemes plaques (84, 86); dans lequet led it

circuit de modulation de signal de pression et

de temperature est supporte sur ledit substrat.

Sonde de mesure de pression selon la revendica-

tion 1 ou 2, dans laquelle

:

ladite plaque (54) desdits moyens de conden-

sateur de mesure (CP) est constitute par un

diaphragme plan, deformable sous pression

comportant une premiere surface predetermi-

nee formee par ledit boitier de module (50) en

un materiau conducteur avec une surface pla-

ne exterieure et une surface interieure paraltele

a I'interieur de ladite chambre fermee hermeli-

quement (55), ledit diaphragme plan etant

adapte pour etre deforme dans ladite premiere

surface predeterminee tors de variations de la

pression du fluide a I'exterieur du boitier du

module ; et

ladite premiere plaque (51) desdits moyens de

condensateur de reference (CR) est formee par

une deuxieme surface plane predeterminee de

ladite surface interieure espacee de celle-ci et

coplanaire avec ladite premiere surface plane

predeterminee et sensiblement non deforma-

ble tors de variations de la pression du fluide a

i'exterieur du boitier du module (50, 52).

Sonde de mesure de pression selon la revendica-

tion 2, comprenant en outre :

des moyens pour former lesdites deuxiemes

plaques (84, 86) desdits moyens de condensa-

teur de mesure et de reference sur une premie-

re surface dudit substrat (60) ; et
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des moyens (88, 92) pour espacer lesdites

deuxiemes plaques (84, 86) desdits moyens de

condensateur de mesure et de reference par

rapport aux dites premieres plaques (54, 51)

desdits moyens de condensateur de mesure et 5

de reference.

5. Sonde de mesure de pression selon la revendica-

tion 4, dans laquelle

:

10

lesdites deuxiemes plaques (84, 86) desdits

moyens de condensateur de mesure et de re-

ference comprennent en outre des revete-

mehts de condensateur de mesure et de refe-

rence d'une premiere epaisseur, formes sur la- 1$

dite premiere surface dudit substrat (60) en se

conformant aux profils des plaques de conden-

sateur de mesure et de reference

respectivement ; et

lesdits moyens d'espacement comprenant en 20

outre

:

une plurality de condensateurs droits

(88-92) d'une deuxieme epaisseur supe-

rieure a ladite premiere epaisseur formee 25

sur ladite premiere surface dudit substrat

(60) ; et

des moyens pour presser lesdits conden-

sateurs droits centre ladite surface inte-

rieure pour espacer lesdites deuxiemes 30

plaques desdits moyens de condensateur

de mesure et de reference d'une distance

predetermines en etabltssant la meme ca-

pacitance pour les deux condensateurs de

mesure et de reference en I'absence de de- 35

formation dudit diaphragm e.

6. Sonde de mesure de pression selon la revendica-

tion 5 t dans laquelle lesdits condensateurs droits

sont formes de revetements de condensateurs #>

droits de ladite deuxieme epaisseur formee sur la-

dite premiere surface dudit substrat (60) dans des

zones extemes aux dits revetements de condensa-

teur de mesure et de reference et isoles electrique-

ment de ceux-ci. 45

7. Sonde de mesure de pression selon la revendica-

tion 2, comprenant en outre

:

des moyens pour supporter lesdites deuxiemes so

plaques (84, 86) desdits moyens de condensa-

teur de mesure et de reference sur une premie-

re surface dudit substrat (60) ; et

des moyens d'espacement (88, 92) desdites

deuxiemes plaques desdits moyens de con- 55

densateur de mesure etde reference a une dis-

tance fixe par rapport aux dites premieres pla-

ques (54, 51 ) desdits moyens de condensateur

de mesure et de reference, moyennant quoi un

intervalle predetermine etablit la meme capaci-

tance pour les deux condensateurs de mesure

et de reference en I'absence de deformation

dudit diaphragme (54).

8. Sonde de mesure de pression selon la revendica-

tion 7, dans laquelle ledit circuit de modulation de

signal de pression et de temperature (200) est sup-

pose par une deuxieme surface dudit substrat (60)

a Pinterieur de ladite chambre fermee hermetique-

ment (55) et connecte electriquement aux dits pre-

mier et deuxieme conducteurs electriques (14, 16)

et aux dites deuxiemes plaques (84 ( 86).

9. Sonde de mesure de pression selon la revendica-

tion 1 ou 2, dans laquelle

:

ledit bottier de module est forme par un mate-

riau conducteur comportant une surface plane

exterieure et une surface plane interieure pn>

filee pour former ledit diaphragme plan (54)

comportant une epaisseur fixe et un perimetre

dans une section plane de celui-ci pour former

ladite premiere plaque deformable dudit con-

densateurde mesure (CP) en un modele de pla-

que de condensateurde mesure, ladite surface

plane interne s'etendant au-dela de la limite du-

dit diaphragme plan pour former ladite premie-

re plaque (51 ) dudit condensateur de reference

(CR) en un modele de plaque de condensateur

de reference adjacent a ladite premiere plaque

deformable.

10. Sonde de mesure de pression selon Tune quelcon-

que des revendications precedentes, dans laquelle

ledit bortier de module (50, 52) est fabrique en un

metal conducteur et comprenant en outre

:

des moyens de gaine isotante compatible avec

le corps pour isoler electriquement ledit boilier

de module des fluides organiques et des tissus.

11. Sonde de mesure de pression selon la revendica-

tion 10, dans laquelle lesdits moyens de gaine com-

prennent en outre un revetement isolant d'epais-

seur uniforme en un materiau adherent compatible

avec le corps recouvrant ledit diaphragme.

12. Sonde de mesure de pression selon la revendica-

tion 10 ou 11 , dans laquelle lesdits moyens de gaine

comprennent en outre un raccord de gaine tubulaire

sur ledit bottier de module et accouple audit reve-

tement isolant d'epaisseur uniforme en un materiau

adherent compatible avec le corps recouvrant (edit

diaphragme.

13. Sonde de mesure de pression selon I'une quelcon-
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que des revendications precedentes, dans taquelle

tesdits moyens de circuit de modulation de signal

de pression et de temperature (200) comprennent

en outre

:

5

des moyens (230) pour recevoir un signal de

polarisation applique de Pexterieur sur lesdits

premier et deuxieme conducteurs (14, 16) et

pour generer des courants de charge et de de-

charge a partir de celui-ci, qui peuvent varier 10

en amplitude avec la temperature ambiante

;

des moyens (258-264; 272, 274) pour charger

et decharger alternativement lesdits moyens

de condensateur de mesure et de reference

avec lesdits courants de charge et de *5

decharge ; et

des moyens de generation d'impulsions de

synchronisation (270) pour generer des impul-

. sions de synchronisation de mesure et de refe-

rence sur un desdits conducteurs electriques 20

(14, 16), les impulsions de synchronisation se-

parant les intervalles de temps de charge alter-

nes des moyens de condensateur de mesure

et de reference.

25

14. Sonde de mesure de pression selon la revendica-

tion 13, dans laquelle lesdits moyens de generation

d'impulsions de synchronisation comprennent en

outre

:

30

des moyens pour etablir une tension de seuil

decharge;

des moyens pour d§tecter la charge desdits

moyens de condensateur de reference a ladite

tension de seuil de charge et pour generer une 35

impulsion de synchronisation de mesure sur le-

dit premier conducteur electrique en reponse a

celle-ci, ladite impulsion de synchronisation de

mesure ayant une premiere caracteristique

predeterminee ; *o

des moyens pour detecter la charge desdits

moyens de condensateur de mesure a ladite

tension de seuil de charge et pour generer une

impulsion de synchronisation de reference en

reponse a celle-ci, ladite impulsion de synchro- 45

nisation de reference ayant une deuxieme ca-

racteristique predeterminee distincte de ladite

premiere caracteristique predeterminee.

15. Sonde de mesure de pression selon la revendica- so

tion 14, dans laquelle :

ladite premiere caracteristique predeterminee

comprend une premiere largeur d'impulsion,

amplitude d'imputsion et pente du flanc de 55

montee d'impulsion ; et

ladite deuxieme caracteristique predeterminee

comprend une impulsion a gradins comporta nt

des gradins avant et arriere, ledit gradin avant

correspondant a ladite premiere largeur d'im-

pulsion, amplitude d'impulsion et pente du flanc

de montee d'impulsion, et ledit gradin arriere

comportant une deuxieme amplitude d'impul-

sion et largeur d'impulsion.

16. Procede de fabrication d'une sonde capacitive im-

plantable de mesure de pression pour foumir des

signaux representatrfs de I'ampleur de la pression

de fluide organique a un emplacement determine

et des conditions ambiantes de fonctionnement, y
compris la temperature corporelle, dans I'emplace-

ment, comprenant

:

la formation d'un corps de sonde implantable

allonge comportant des sections d'extremite

proximate et distale avec des premier et

deuxieme conducteurs electriques (14, 16)

s'etendant de la section d'extremite proxtmale

a la section d'extremite dtstale, ladite extremite

proximate etant adaptee pour etre connectee a

une source de signal de polarisation et ladite

section d'extremite distale etant adaptee pour

etre implantee dans un emplacement du corps

pour mesurer une pression de fluide organique

variable

;

la fixation d'un module de capteur de pression

(20) aux extremites distales desdits premier et

deuxieme conducteurs electriques (14, 16)

dans ladite section d'extremite distale, le mo-

dule de capteur de pression (20) comprenant

en outre

:

un bottler de module (50, 52) fixe audit

corps de sonde contenant une chambre

fermee hermetiquement (55)

;

des moyens de condensateur de mesure

deformable sous pression (CP) pour faire

varier la capacite en reponse aux varia-

tions de la pression du fluide, comportant

une premiere plaque (54) constitute par un

diaphragme deformable sous pression du-

dit bottier de module et une deuxieme pla-

que (84) espacee de celle-ci ; et

des moyens de circuit de modulation de si-

gnal de pression et de temperature (200)

a Tinterieur de ladite chambre fermee her-

metiquement (55) et connected electrique-

ment aux dits premier et deuxieme conduc-

teur electriques (14, 16), caractdrisee en

ce que ledit bottier de module (50, 52) est

constitue d'un materiau conducteur; et

comprenant en outre les etapes consistant

a

revetir lesdits premier et deuxieme

conducteurs electriques avec une pre-

25
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miere gaine exteme isolante electri-

que, compatible avec le corps, s'eten-

dant de lad ite section d'extremite dis-

tale a ladite section d'extremite

proximale ;
5

revetir ledit module de capteur (20)

avec une deuxieme gaine du meme
materiau que ladite premiere gaine, le

materiau de ladite deuxieme gaine

ayant une faible adherence au mate- 10

riau dudit bottler de module

;

menager une ouverture dans ladite

deuxieme gaine correspondant a la

surface dudit diaphragme (54)

;

fixer ladite deuxieme gaine a ladite *5

premiere gaine en une liaison etanche

aux fluides a la jonction de ladite ex-

tremity distale dudit corps de sonde

avec ledit boitier de module de manie-

re que ladite ouverture de la gaine soit 20

alignee avec ledit diaphragme (54)

;

remplir I'interstice entre le perimetre

de I'ouverture de la deuxieme gaine et

le boitier de module avec ledit autre

materiau pour diminuer la migration 25

des fluides organiques dans I'espace

entre le boitier de module et la deuxie-

me gaine ; et

appliquer un autre materiau isolant

electrique compatible avec le corps, 30

en une couche d'epaisseur uniforme,

sur ledit diaphragme dans ladite

ouverture de ladite deuxieme gaine,

ledit autre materiau ayant une adhe-

rence elevee avec le materiau dudit 35

diaphragme en presence de fluides or-

ganiques et de tissus.

17. Procede selon la revendication 16, dans lequel (edit

materiau desdites premiere et deuxieme gaine est *o

un polyurethanne de qualite implantable et I'autre

materiau compatible avec le corps est un caout-

chouc de silicone de qualite implantable.

50

55
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